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PREFACE 


In recent years interest in the chemistry and biology of lipid materials has grown 
1 ipidly. Jt is now realized that lipids, like proteins and carbehydrates, are not 
snly important in the normal and abnormal behaviour of living matter, but also 
as raw materials for an ever increasing variety of edible and inedible manu- 
factured products. Various substances have been included in the lipid classifica- 
tion, largely on the basis of biological interrelationships. From a purely chemical 
point of view lipids are 4 rather ill-defined and heterogenous group of substances. 
Nevertheless, even non-triglyceride lipids, whose biological importance has 
long been recognized, are now assuming commercial importance as materials for 
the productiox of food products, therapeutic agents and chemicals. 

The reception given to Volume i of Progress tn the Chemistry of Fats and Other 
Lipids has made it obvious that there is a need for the periodic publication of 
authoritative digests of recent advances in the more rapidly progressing areas 
of investigation. It appeared that this need could best be met by publication of 
a series of monographs containing the contributions of specialists in the areas 
of greatest interest. Because of the heterogeneity in this field, however, there 
was some question regarding division of subject matter. In the experience of the 
editors, the interests of lipid specialists extend into areas that may be quite 
unrelated to their own, so it was decided that these monographs should be 
published rather frequently, perhaps yearly, if warranted by the progress in 
lipids research, and should include timely chapters on all types of researches, 
whether biological, chemical, or industrial. The only area not included within 
the scope of this series is technology. The technology of lipid materials will be 
covered in a companion series of monographs entitled Progress in the Technology 
of Fats, the first volume of which will appear in the near future. 
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THE POLYMORPHISM OF GLYCERIDES 
T. Malkin 


Derinc the past century, numerous workers have studied the interesting prob- 
lem of the “‘double melting” of glycerides, and whilst it has Jong been known 
that this was due to polymorphism, the exact nature of this, and the relationship 
between the various polymorphic forms, was little understood. Indeed, as we 
now know, a clear explanation was hardly possible before the advent of x-ray 
diffraction methods. Once, however, that this new weapon had revealed the 
structure and also the general habit of polymorphism of simple long chain 
compounds {see Vol. 1, Ch. 1), the way was open for a new attack on this long- 
standing problem, and from 1934 onwards there appeared a series of thermal 
and x-ray studies of glycerides, by MaLkIN and his collaborators, which devel- 
oped the present views on glyceride polymorphism. More recentiy, DAUBERT, 
Lutron, and other U.S. workers have joined MALKry in this field. 


The double melting of triglycerides 


As far back as 1849, Herxtz™ observed that stearin, after melting and quickly 
solidifying, melted at 51-52°C, but on being heated further, resolidified and 


melted again at 62-62-5°C. A little later, DuFry gave, for his time, a remark- 
ably clear account of the melting behaviour of tristearin, for which he reported 
three melting points, namely 52°, 64-2°, and 69-7°. He showed that the highest 
melting point was identical with that of the solvent crystallized glyceride, and 
that the lowest practically coincided with the setting point. He also noticed that 
the more he purified his tristcarin, the more difficult it became to detect the 
intermediate melting point. This excellent work appears to have been over- 
looked by later investigators, and for many years only two melting points were 
reported for tristearin (BERTHELOT,™® Guts, Lavrz'®), for tri- 
palmitin (MaskKELIxe™?), and for trimyristin (REIMER and WILL"®?), thus giving 
rise to the well-knowr expression “double melting” of glycerides. In 1915, 
however, OTHMER"™ reported three melting points for tristearin and trimyristin, 
and a little later, LoskiT®® confirmed this, and also found three for tripalmitin. 
On the other hand, as recently as 1930, JogLEKAR and Watsox,"”) in a careful 
study, reported only two melting points for a number of triglycerides of the 
highest degree of purity. Two years later, however, WEYGAND and GRuNTzIG®®” 
‘claimed the existence of sever different forms, for a number of triglycerides, as 
a result of a detailed microscopic examination. It should be observed, however, 
that visual observation is a notoriously unreliable method for the identification 
of different crystal forms, and hence these latter results must be regarded with 


some reserve. 
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The Polymorphism of Glycerides 


The position therefore at this time, just prior to the first x-ray studies, was 
still very confused, and it is of interest to note that the views of Durry, eighty 
years earlier, most nearly summarized the position, namely, sitaple triglycerides 
exist in three modifications of different melting points, the modification of 
intermediate melting point often being difficult to detect. 


Thermal and x-ray investigation 


Briefly, the principle of this method is to esiablish the number and range of 
stability of the various polymorphs, by means of cooling and heating curves, 
and, on the basis of this, to determine differences in structure between the v. rious 
forms, by X-ray examination. 

Makin" had earlier used this method in a study of the dimorphism of 
ethyl esters of fatty acids, and there was good reason to expect equal success 
when it was applied to glycerides, since these are merely slightly more complex 
esters. 

As expected, a close parallel was found. Ethyl esters had been shown to exist 
in two modifications, a stable form (8), in which the long chains are inclined with 
respect to the planes formed by the terminal methyl groups, and a less stable 
form (a), in which the chains are vertical and rotating. Both these furms were 
found to exist in the triglycerides,“ namely, a stable $-form with inclined 
chains. and a monotropic «-form, with vertical chains. In harmony with views 
on alternation advanced earlier by MaLkry,"* the melting points of the inclined 
f forms were found to alternate, whilst those of the vertical «-forms were non- 
alternating. The third and lowest melting form of the triglycerides, which is 
obtained by rapid cooling of the molten glyceride, was found not to be truly 
crystalline; it possesses many characteristics of a glass, and was therefore 
termed a vitreous form (y). 

On exterding the investigation to mixed saturated glycerides (containing two 
different acid radicals), Matkrys and and CarTEeR and MatL- 
KIN%*), 28) found a fourth modification, with a melting point lying between 
those of the «- and £-forms. This they termed the f’-form, since it possessed 
non-rotating, tilted chains (see Vol. 1, p. 11, for distinction between a- and 
B-forms). On re-examination of the simple glycerides in the light of this dis- 
eovery, the §’-form was found for those containing odd membered acids (see 
GruntTzIc,"") to whom these results were communicated). Unfortunately 
the work had to be discontinued at this stage, but some years later this 
form was also reported for simple even acid glycerides by a number of U.S. 
workers.(2), (21), (22) 

Summarizing the position for saturated triglycerides in 1948, CLARKSON and 
Makin) stated that all the saturated glycerides that they had examined 
(some fifty), whether simple or mixed, exist in four solid forms, viz. in order of 
increasing melting point, vitreous, a- and #’- (crystalline, monotropic), and 
B- (stable erystalline) form. Except for those containing short chains, i.e. C,, and 
C,., rapid cooling of the melt brings about solidification mainly in the vitreous 
form, which on warming passes through the following transitions vitreous > 
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Cooling and Heating Curves 


a > — and in some cases, vitreous — These transitions are rapid 
for simple even acid, and symmetrical mixed triglycerides, but slow for simple 
odd acid, and unsymmetrical mixed triglycerides, the speed of transitions 
diminishing in all cases with increasing length of acid chain. It was shown that 
a-forms of simple even acid triglycerides may ‘change directly into the stable 
f-form without passing through the intermediate f’-form, but the factors 
ca .sing this somewhat exceptional transition could not be determined. 


Cooling and heating curves 
These play an important part in the investigation of glyceride polymorphism, 
and a clear understanding of the subject cannot be arrived at without a detailed 
study of such curves, taken under a variety of teroperature gradients. The 
technique should preferably not be too elaborate, for it is desirable to take a 
number of curves for each glyceride, and the following simple method can be 
recommended: 0-75-1 g of the specimen is placed in a thin-walled test-tube of 
about 3-} in. diameter, and fixed by a cork in a tube of about three times this 
diameter to act as an air jacket. This is placed in a Dewar vessel, which may 
contain air, water, ice, or freezing mixtures, to give any desired cooling (or 
heating) gradient. A copper-constantan thermocouple, fixed centrally in the 
specimen, is attached to a Cambridge thread recording instrument, whick marks 
a chart on a revolving drum every half-minute. The chart can be read to }°C, 
which is sufficient for most purposes, since al] meiting points can be checked by 
the standard capillary method. 


Cooling curves 


Although cooling curves differ in appearance considerably, aceording to the rate 
of cooling, there are, nevertheless, two distinct types, which correspond to the 
separation of a- and vitreous forms, respectively (Fig. 1). These are readily 
distinguished by the supercooling which almost invariably precedes «-crystal- 
lization. Supercooling cannot, of course, precede the separation of the vitreous 
form, for the temperature at which this occurs is essentially that below which 
the glyceride cannot remain liquid. Cooling curves normally give no indication 
of the separation of f’- and £-forms, and indeed, molten glycerides can be 
maintained for hours in the liquid state, at temperatures several degrees below 
the melting points of these forms. If, however, the melt is heavily seeded with 
B-form, or if it has not greatly exceeded in temperature the £-m.p. (i.e. there are 
still a number of minute f-seeds present), an arrest will appear at the f-m.p., 
but crystallization is excessively slow. 

It appears, therefore, that whether £-seeds are present or not, the most facile 
route from the melt to the stable 3-form is via the a-form, viz.: 


liquid sad 


Crystallization in the a-form is, however, by no means rapid. For example, 
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_ The Polymorphism of Glycerides 


JOGLEKAR and Watsox™ showed that 1 g specimens of tristearin took from 
two to three hours to solidify at the «-solidifying point. It is clear, therefore, 
that the unwieldy glyceride molecules do not readily assume the regular layers 
required by the a-structure. Consequently, if a molten glyceride is cooled 
rapidly, solidification takes place, becuuse of loss of molecular kinetic energy, 
before the required regularity of the «-form is achieved, and the form which has 
been termed vitreous separates. 

Heat is evolved during this separation, for in an irregular manner, hydro- 
earbon chains and parts of chains are held together much as they are in a true 
crystal, and the “heat of crystallization” of the contacting methylene groups in 
adjacent chains is evolved. The main difference, therefore, between the crystal- 
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Fig. 1. Cooling eurves fot Tripalmitin. 


line and the vitreous condition is that in the former, the regular arrangement 
permits the maximum number of methylene contacts, whereas in the latter, 
these are fewer, and may vary according to the rate of cooling. 

The heat evolved during vitreous solidification is consequently less than that 
evolved during a-crystallization; moreover, because of the variable methylene 
contacts, the heat content of the vitreous solid varies, and hence the setting 
point (and also the m.p.) is not vonstant, but varies over a small range. 

It will be clear from the above that the nature of the solid which separates, 
and the form of the cooling curve, will greatly depend on the rate of cooling; by 
varying this. solids may be obtained consisting of groups of molecules in all 
possible-arrangements from the disorder of the liquid to the regular layers of the 
a-form, and even §’- and $-forms. A brief consideration of a few typical cooling 
curves wiil illustrate this. 

Fig. 14 (tripalmitin, separation of x-form) is a typical curve, which can be 
obtained for most glycerides, if the cooling gradient is small. Considerable 
supercooling occurs, and the temperature may closely approach the setting 
point of the vitreous form before x-separation commences. At this point, the 
temperature rises und remains steady at the «-setting point for a short time, 
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Cooling Carves 


after which there may be a further rise owing to partial transition into the ’- 
or f-forms, but the m.p. of the latter is not usually reached. 

Fig. 1B is also a curve for tripalmitin, but with a greater cooling gradient. 
Therr is uo supercooling and separation of vitreous form occurs, with relatively 
smal] heat evolution. 
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Fig. 2. Cooling and heating curves for Trilaurin. 


Fig. 2 is a curve for trilaurin, showing x-separation: in this case, crystalliza- 
tion sets in at a temperature well above the vitreous setting point (15°C), but, 
nevertheless, only after considerable supercooling. The cooling gradient is teo 
great to permit a steady temperature during a-separation, and therefore neither 
the maximum nor the minimum on this curve represents a definite setting point. 
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Fig. 3. Cooling and heating curves. 


PALMITODIMYRISTIN 


In a case of this kind, the «-m.p. can be determined by a heating curve (BC) 
or by adjusting the cooling gradient to obtain a steady arrest followed by a rise 
es in Fig. la. Fig.3 a@, 6, are curves for 2-myristodipalmitin; the former, cooling 
to room temperature, shows separation of vitreous form, whilst the latter, 
cooled more slowly, shows first 2-separation, followed by vitreous separation, 
and finally a rapid transition into and f-forms. Fig. 3 ¢, c’ (2-laurodimyristin} 
shows vitreous separation followed by transitions into a- and £’-forms. 
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The Polymorphism of Glycerides 


The controlling factor in the separation of a crystalline solid from its melt is 
the rate of formation of crystal nuclei, and all the evidence from cooling curves 
of glycerides, shows that it is the rate of formation of nuclei of the «-form which 
determines the nature of the final solid. Formation of nuclei of 8’- and £-forms, 


TEMPERATURE 


(a) 
Fig. 4. (a) Free energies, (b) activation energies of nucleation of a-, p’- and £- 
forms of triglycerides (diagrammatic). 


directly from the melt, is too slow to have any appreciable influence on the 
course of the solidification. 

Below the melting point of the stable f-form, the liquid and the «- and 
B’-forms are metastable, i.e. their free energies (G) are higher than that of the 
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Fig. 5. Relation between temperature and rate of nucleation of a- forms of 
triglycerides (diagrammatic). 


stable form (Fig. 4a}. Nevertheless, crystallization does not commence spon- 
taneously, for before this can begin, an energy barrier must be crossed, the 
activation energy of which, according to VotmMeR,'* jis one-third of the surface 
energy of the newly formed nucleus. Fig. 46 illustrates this diagrammaticaily 
and indicates the greater difficulty of formation of £’- and §-nuclei. 
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Heating Curves 


It is seen from Fig. 4a that the greater the supercooling, the greater the free 
energy difference between the liquid and the a-form, and hence the greater the 
tendency to crystallize. On the other hand, increased supercooling results in 
incre sed viscosity, and hence the molecules cannot so readily move into posi- 
tions favourable for nuclei formation. Consequently, somewhere between the 
a and the vitreous m.p. there will be a zone of optimum rate.of nuclei formation, 
Fig. 5. 

The position of this zone varies a little according to the nature of the glyceride, 
but in general it lies nearer to the vitreous than to the a-setting point. 

This is illustrated by the sharp rise in temperature when specimens are 
maintained for any appreciable time in the neighbourhood of the vitreous 
setting point, cf. Fig. 3 a, 6, c. 


Heating curves 

The type of heating curve obtained depends upon the previous cooling history 
of the specimen, and upon the heating gradient. If the molten glyceride is 
cooled rapidly, it passes through the zone of a-nucleation too quickly to form 
a-nuclei of the necessary critical size for further growth, although numerous 
embryonic nuclei (i.e. less than the above critical size) may be present. If a 
steep heating gradient is now applied to this solid, it melts at the vitreous m.p. 
and the embryonic nuclei break up and dissolve in the melt, as the temperature 
rises beyond the zone of rapid nuclei formation. The curve obtained shows a 
single slight arrest at the vitreous m.p. 

With a smaller heating gradient, however, the embryonic nuclei may remain 


in the nucleation zone for a sufficient Jength of time to grow and initiate a- 
crystallization. The heating curve in this case would show a slightly larger 
arrest at the vitreous m.p., followed by a steep rise to a second arrest at the 


a-m.p. 

In a similar way, too rapid heating may cause tue dissolution of embryonic 
nuclei of f’- and §-forms, and, in general, the smallest practicable heating 
gradient should be employed. 

As already indicated, if the original melt is submitted to a slower rate of 
cooling, the resulting solid may consist of vitreous and a-forms, a-form, or a- 
and #'-forms, and arrests will usually be found on the heating curves correspond- 
ing to the forms present. It should, however, be remembered that all the above 
forms are metastable, and they may change into higher melting forms when 
heated. These transitions take place the more rapidly the smaller the acyl 
chains, and the greater the symmetry of the molecule: they may indeed take 
place in the solid state at room temperature, as in the case with glycerides of 
lauric and lower acids. This is illustrated by the curves given in Fig. 2, where 
BC, B’C’, and B’C’ are heating curves taken at 3, 1, and 3 hr respectively, from 
the commencement of the cooling curve. The a-form, which first separates, 
slowly changes at room temperature into the stable £-form, as shown by the 
disappearance of the a-arrest from the heating curve. Typical heating curves 
are shown in Figs. 2d and 6. 
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The Polymorphism of Glycerides 


Sufficient has now been said to indicate the value of the study of cooling and 
heating curves in the determination of the number and the stability of poly- 
morphic forms. With the majority of triglycerides they readily reveal the 
existence of four solid forms, and it is only in the case of simple triglycerides of 
even acids where they fail to do so. Here the 6’ — # transition takes place 
rapidly in the solid state, during the course of the heating curve, and the 
B’-form does not actually melt; hence, there is no indication of this form on the 
curve. 

Before leaving this section, it should again be strongly emphasized that 
without a detailed study of cooling and heating curves it is impossible to 
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Fig. 6. Covling ard heating curves. 


obtain a clear picture of giyceride polymerphism, and the failure of certain 
workers'*5), (6), (27) to observe the forms found by MaLkIw is due mairly to the 
neglect of these studies. 


Capillary melting points 
Early studies of glyceride polymorphism were carried out mainly by capillary 
m.p. determinations, and these afford useful confirmatory information to that 
obtained from curves. In some cases, the capillary method is the only means of 
determining the m.p., e.g. the 6’-forms of simple even acid triglycerides. 

There is no difficulty in the determination of the m.p. of the stable 8-form, 
which is usually obtained by slow crystallization from non-polar solvents. The 
only precaution necessary is to raise the temperature very slowly in the region 
of the m.p., otherwise, owing to the slow melting of glycerides, it is easily 
possible to exceed the true m.p. by as much as a degree. 

The determination of the m.p. of other forms requires a modified technique 
because of the possibility of transitions in the solid state, as the temperature of 
the specimen is being raised. Thus, the m.p. of the vitreous form is determined 
by immersing the capillary, containing the rapidly cooled glyceride, in a bath at 
a temperature at which melting and resolidification just takes place (vitreous > 
a-form). The capillary is now placed in a bath at a temperature at which the 
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X-ray Investigation 


a-form just melts and resolidifies (a — f'-form) and similarly for the m.p. of the 
B’-form. This, of course, involves a large number of repetitions, as the various 
bath temperatures must be found by trial, but the work is greatly reduced if the 
m.p.s« ~ the different forms are known from heating curve studies. 

The m.p.s are not quite so clearly defined when any particular form contains 
an .ppreciable number of nuclei of the higher melting forms. If, for example, a 
mciten glyceride is cooled a little too slowly, the resulting vitreous form may 
contain numerous a-nuclei; on being immersed in a bath at the vitreous m.p., 
these nuclei grow rapidly as the vitreous form melts, and the mass appears to 
soften rather than melt, as it changes into the a-form. The same applies, of 
course, to a- and #’-m.p.s, which have frequently been reported as softening 
points. This is a sure indication that the particular specimens contained nuclei 
of higher melting forms. 

These difficulties are partly due to the fact that solid glycerides are extremely 
bad conductors of heat, so that even when a capillary is immersed in a cold bath, 
the inner core of the specimen is protected by the solid outer shell, and may cool 
relatively slowly. Because of this, it is advisable to use thin walled capillaries of 
sma]] diameter. As mentioned earlier, the capillary method affords the only 
means of determining $’-m.p.s of simple triglycerides of even acids, and even so, 
it is not pessible to determine those of trilaurin and lower homologues, because 
of the speed of the transitions. The £’-m.p.s of higher members are determined 
as follows: The specimen is melted in a capillary, solidified in ice, and then 
placed in a bath one or two degrees above the m.p. of the vitreous form. Com- 
plete or nearly complete melting takes place, followed closely by resolidification 
in the «-form, but after some three to six minutes longer at this temperature, 2 
further change takes place, denoted by a shrinking from the walls of the capillary. 
Before this change, the specimen melts almost completely at the a-m.p., but 
after the shrinking, the o-m.p. is passed without any change in appearance until 
the #’-tn.p. is reached. At this point, softening and very rapid resolidification in 
the stable £-form takes place. 


X-ray investigation 
The x-ray technique has been described in some detail in Vol. 1, p. 8, and need 
not be further elaborated. Thin layers, either pressed or melted, and rods are 
examined in order to determine long and short spacings respectively. 

In general, the determination of the spacings of the stable 5-forms offers no 
difficulty, for this form can usually be obtained suitably crystalline by slow 
crystallization from solvents (preferably non-polar). Layers and rods of other 
forms are prepared by cooling thin melted layers or capillaries of the glycerides, 
followed where necessary by heating, under conditions determined by previous 
cooling and heating curve and capillary m.p. studies. From what has been said 
earlier, it will be appreciated that it is not always a simple matter to obtain the 
metastable forms entirely free from higher welting forms, and in order to obtain 
homogeneous specimens, repetition is often necessary. It must also be remem- 
bered that metastable forms of glycerides containing the shorter acids capric 
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and lauric may pass into stable forms at room temperature too quickly to 
permit the determination of x-ray data. In such cases, special arrangements for 
cooling the specimens during exposure roust be made. 

In order to obtain the vitreous form for X-ray work, a small amount of molten 
glyceride is spread on a microscope cover slip, in as thin a layer as possible, by 
means of a warm metal spatula. The layer is then cooled rapidly by holding the 
underside of the cover slip in ice-salt-water or solid CO,-acetone, and the cover 
slip is then mounted on the spectrograph. Alternatively, the molten glyceride 
may be cooled in a fine capillary and ejected as a rod, although in this case, 
traces of «-form may be present owing to the relatively slower cooling in the 
centre of the rod. 

These specimens may be converted into the «-form by holding them at the 
temperature of the vitreous m.p., or the specimeiis may be melted again and 
cooled less rapidly. Similarly, the «-forms may be converted near their m.p.s 
into the £’-forms. In certain cases, it is possible to obtain £’-forms by rapid 
crystallization from solvents, particularly ethanol or acetone. 

With an x-ray tube running at about 15 mA, exposures of 20-30 minutes each 
side for layers, and 10-15 minutes for rods, are usually adequate, but sometimes 
melted layers, being not so well oriented, may require a little longer. 


Long spacings 
The long spacings of the various forms of simple triglycerides increase linearly 
with the carbon content of the constituent acids, and when plotted, fall on 
straight lines which cut the ordinate at C=O, in the neighbourhood of 4-5 A, 
see Fig. 7. 
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Long spacings of simple triglycerides. 


The spacings are too large to be related to the length of a single acid chain, 
and this led CLarKson and Matk1x“ to propose the tuning fork structure, 
where the spacing is related to twice the length of the acid chain, viz. —_}—. 
Alternative molecules are regarded as lying head to tail across tne reflecting 
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Long Spacings 


planes, either vertically (all a-forms and a few £’-forms) or tilted at a variety of 
angles (6’- and £-forms). 


Since in Fig. 7 the spacings are plotted against the number of carbon atoms 
in the acid chains, the intercept at C=O (4-5 A) is the contribution of the glycerol 
molecule and the termina] hydrogen atoms to the long spacing. The angle of 


tilt 6 is given by = = sin 6, where 1 is the increment of spacing per C atom in 


A (1-3 A is the maximum increment for a zig-zag chain of methylene groups, 
assuming the carbon atoms to be joined at an angle of 116°, see Vol. 1, Ch. 1).* 

The above structure holds for all saturated mixed glycerides if the acids do 
not differ in length by more than two carbon atoms, but where they differ by 
four or more, there is usually a large increase in the long spacings. This led 
Lutron"® to propose the following triple chain length (T.C.L.) structures: 


AND 


This latter group is of particular interest, for the a-forms and certain of the 
B’- and £-forms still appear to retain the previously described simpler structure. 
It may well be in these cases that there is some interpenetration of the chains, 
viz.: 


Seme light might be thrown on this problem by plotting the spacing against 
the effective length of the glyceride unit, and consideriug the intercept at C=O. 
For the simple structure of CLaRKSON and MALKIN. the intercept is 4:5; any 
smaller intercept would indicate interpenetration of the chains, whilst the 
T.C.L. structure would give rise to an intercept of about 9 A. 

When plotting the long spacings of mixed triglycerides against carbon content, 
regularities can be expected only if structurally similar faiilies are selected. 
Thus, the family of glycerides of acids CyoCygCyo, Cy 4, Cap 


Cp Ce Ce 


have the same irregularity in structure at the terminal planes, i.e. the central 
chain is two carbon atoms shorter than the two outer, and the increase in total 


* All angles of tult given in this memoir are calculated on this assumption. 
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length from member to member is four carbon atoms. The long spacings of suck 
a series would be expected to fall on a straight line, and hence the molecules 
would have the same angle of tilt across the reflecting planes. Similarly for the 
series On the other hand, a series such 
as CygCyoCig» CygCy is so markedly different from 
member to member that regularity in structure would not be expected, eg. 


Cig Sig 


greater interpenetration of chains is possible in a than 6, and this might alter 
both the tilt and the actual length of the diffracting unit; as already mentioned, 
the irregularity in this group is sc great that the first three members adopt an 
entirely different structure (T.C.L.). The effect of tilt on the long spacings 
appears to have been overlooked by some workers: thus, Lutton‘® has 
proposed three straight line equations for the calculation of the «a-, 8’-, and 
B-forms of saturated triglycerides in general, on the assumption that each form 
has the same tilt as in simple triglycerides. This is definitely not so, as will be | 
seen from Table 1, and it is therefore clearly impossible to calculate the spacings 
on the abcve simple basis. Again, BarLey‘) finds it difficult to understand 
what configuration could give a greater long spacing for unsymmetrical dipal- 
mitomyristin, than for tripalmitin. This is also clear from the tilts, for although 
the two molecules have approximately the same length, the angles of tilt are 
respectively 70° and 61°, and hence the spacing D, which is the distance between 
the reflecting planes, is greater for dipalmitomyristin. 


! 
D = LONG SPACING = 0 


Table 1 


Angle of Angle of 
tut, 3° tit, B 


Simple triglycerides 67 61 


Series C,.CyeCigs ete. 90 66 
Series Cres ete. -| 79 66 
Series C,.C,3Ci93 ete. 69 79 


Series ete. 65 66 


1? 


| 
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Short Spacings 


Short spacings 
Both the vitreous and the a-form give a single strong line at = 4-19 A, but the 
a-form is distinguished by the presence of sharp lines due to the long spacing. 
Owing to the difficulty indicated earlier, of avoiding the presence of small 
amounts of the a-form in the vitreous form, faint long spacings may appear on 
the photograph of a specimen which is predominantly vitreous, and this has 
lec. some workers to question the existence of the vitreous form.™. @) It 
should, however, be remembered that there is no sharp dividing line between 
the crystalline and non-crystalline state, and one visualizes a range of states 
from crystal — crystallite — embryonic crystallite — unit cell — disorder. 
With diminishing size of unit, x-ray diffraction becomes more and more diffuse 
and as the layer structure falls below a certain size, long spacings disappear. 
A diffused short spacing of = 4-2 still persists, owing to lateral diffraction by 
hydrocarbon chains, which does not necessarily depend on a layer structure. A 
vitreous form, containing embryonic nuclei, might well give rise to weak long 
spacings, yet nevertheless melt at the vitreous m.p. The interpretation of x-ray 
photographs, in these cases, is therefore a matter of experience and judgement, 
the extreme cases being a single diffuse spacing of 4-2, accompanied by fogging 
due to general x-ray scattering, for a vitreous form, and a much clearer photo- 
graph showing sharp long and short spacings for an a-form. The a-form of 
glycerides has been so termed by analogy with a-forms of other long chain 
compounds which lie vertically across the reflecting planes (hydrocarbons, 
alcohols, ethyl esters) and which give rise to a single short spacing of 4-2 A. 
MULLER suggested that the chains in such compcunds were rotating about their 
long axis. a-forms of glycerides are therefore vertical rotating forms, and since 
such forins are axially symmetrical, the existence of the so-called “tilted a-form” 
of Lutrox,™) is extremely improbable. 

The §’- and §-forms give rise to groups of short spacings which can usually, 
but not invariably, be sharply cifferentiated. In general, the §-forms give lines 
somewhat widely separated, referred to as a “wide band,” the strongest line of 
which is 4-6 A. A typical wide band is that of the simple glycerides 3-7, 3-9, 4-6, 
5-3 A. The lines given by the 8’-forms are usually closer together, and they have 
been termed a “‘narrow band,” e.g. the §’-form of 2-decodilaurin gives 4-35, 
4-16, 4-05, 3-82 A, the strongest of which is 4-16 A. Examples are given in Fig. 8. 

The existence of the above three types of short spacings led Lutrox™ to 
make them the basis for nomenclature, thus 


a-form — a single strong ime = 4-15 A. 
f’-form— usually two (but occasionally more) strong lines corresponding to 
= 4-2 and 

f-form — a strong (usually strongest) line cerresponding to = 4-6 A. 

This has led to considerable confusion, for MaLkrx"® liad earlier introduced 
these terms to denote the polymorphs in order of increasing m.p.s viz. a, B’, B. 
Lutron’s terminology is unsatisfactory from many points of view, for as has 
already been shown both the vitreous and the a-forms give the single spacing of 
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4-194; moreover, both the and #-forms of trihydnocarpin, trichaul- 
moogrin and all the diglycerides give the strong 4-6 line which Lutron ascribes 
to B-forms only, and finally, all the #-forms of the series of triglycerides 
CaCa+eCn, Cn+eCn+,Cn+2, ete., give the 4-2 and 3-8 lines. It would indeed be 
astonishing if the great variety of structurally ditferent glycerides were to fall 
into the three clear-cut crystallographic groups suggested above. 

Lutron goes so far indeed, as to associate the various spacings with definite 
planes in the crystal, and ascribes (by inference from his diagrams, Fig. 9) 
monoclinic and triclinic structures to the £’- and 8-forms respectively. 

It will hardly be necessary to point out that it is quite impossible to deduce 
such structures on the basis of a few lines on a powder photograph. Whilst it is 
possible to identify planes in crystals of higher symmetry—cubic, hexagonal, 
trigonal, rhombohedral—on the basis of a large number of powder photograph - 


/ D2 02 
Ore 44a = +184 


D3=3 86A 


ALPHA BETA 


BETA PRIME 


Fig. 9. Lurron’s suggested structures for glycerides. 


lines, it is usually excessively difficult, or even impossible, to do so with ortho- 
thombic, menoclinic and triclinic crystals. In the case of the latter, the necessary 
mathematical expression is so unwieldy that it is not worth while attempting 
to use it. 

Planes of monoclinic crystals of certain long chain compounds can be identified 
from powder photographs, with a high degree of probability, where single 
crystal data are available, as is the case with hydrocarbons and fatty acids. No 
Single crystal data are available for glycerides, however, and until these are 
forthcoming, any association of £’- and £-forms with definite crystal structures 
is pure speculation. Fiver, Jr., Sipxv, CHEN, and DatBeErT, who also find 
anomalies in LuTron’s terminology, are more circumspect, and rightly state 
that “‘judgement as to the positive association of specific and characteristic side- 
spacings (i.e. short spacings) for distinguishing the 8- and ’-phases of triacid- 
triglycerides, must be reserved until additional information can be obtained . . .” 

In the present article the terms «-, 6’-, and 8-forms are used, as has always 
been quite clearly stated by MaLxry, to denote the crystalline polymorphic 
forms in order of ascending melting points. 

Before passing on to the detailed consideration of the various groups of tri- 
glycerides, the general picture may briefly be summarized. On slowly cooling 
the molten glycerides, considerable supercooling occurs and x-nuclei slowly form 
and initiate a-crystallization. This form consists of layers of molecules, lying 
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{1-Monoglyceride, 
\x changing to 


1-Monoglyceride, 


1-Monoglyceride, f. 


a Type. 1, 3-Ditridecoin. 


| | 


Type. 1, 3-Ditridecoin. B. 


Type. 1, 3-Dimyristin, B. 


1."2-Dipalmitin, 2. 


1, 2-Dilaurin, 


Tripaimitin, B. 


2-Myristodipalmitin, 


2-Palmitodimyristin, 2. 


2.Oleodistearin, 


2-Olvodistearin, 


2. Olecdistearm, B. 


Fig. 8. Typical short spacing of glyeerides, 
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Simple Triglycerides 


aiternatively in head to tail position, vertically across the reflecting planes, with 
the long chains rotating freely about the long axis. The slow nucleation is due 
presumably to the requirement of a head to tail alignment, and to the increasing 
viscos‘ty of the meit on cooling. If, at this stage, the heat of crystaliization does 
not balance the external cooling, the chains become frozen in positions which on 
av ‘rage, correspond to those of rotating chains, and the resulting «-form may be 
st ible at room temperature for varying periods, according to the length of the 
chains. Such a solid gives long and short spacings corresponding to a hexagonal 
structure. If, however, the heat of crystallization balances or exceeds the 
external cooling, the molecules retain sufficient mobility to move into the more 
stable positions of the f’-structure. This in the majority of cases means that the 
chains lose their rotational energy and tilt across the reflecting planes (a few 
cases occur where the chains remain vertical). This « — £'-transition is probably 
a change from the hexagonal to a body-centred monoclinic form, a structure 
which is adopted by the majority of long chain compounds; but, as mentioned 
earlier, there is no direct evidence for this in the case of glycerides. Finally, the 
B’-form changes into the stable £-form at room temperature or near its melting 
point, and at diflerert rates, according to the varying lengths of the acy] chains 
and the general symmetry of the molecule. In general, the 8’ > f-transitior is 
most likely a change into a slightly more stable monoclinic structure, similar 
perhaps to the change of the B + C forms in fatty acids, see Vol. 1, Ch. 1. 
The picture of glyceride transitions is not so clear when the « —> f’ > f tran- 
sitions involve large increases in the length of the spacings, i.e. formation of 
T.C.L. structures, and this group is worthy of a more detailed study, but the 
most urgent need in this field is single crystal data. 


M.P. anp X-ray Data For SATURATED TRIGLYCERIDES 


Simple triglycerides 
This group is the most complete homologous series of glycerides so far studied, 
and it exhibits. the regularities in m.p. and x-ray data usually found in such 
series. Thus the m.p.s of the 80 
tilted £’- and #-forms alternate 
in a regular manner, whilst those « 


of the vertical «-forms are non- Vg LA VITREOUS 


alternating, Fig. 10. Again, the va 


40 


long spacings of tilte: forms of A 

odd and even members, plotted YY V4 

against the carbon content of 45 re. 

the atyl chains, fall on different d 

straizht lines, Fig. 7, and the Fy 

short spacings of odd and a 

even members fall into separate, "4 | 

closely similar groups. -20 
Transitions of metastable Fig. 10. Melting peints of simple triglycerides. 
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forms, at their m.p.s, into higher melting forms, are particularly rapid with the 
even acid members of this group, and it is not easy to obtain homogeneous 
a- and #’-forms. The even acid members also appear to be unique in passing 
directly from the a-form to the stable $-form, and these factors make the 
determination of the £’-m.p. difficult. 

Transitions in the odd acid group, particularly the 8’ — # transition, ‘are 
much slower, and it is rare to realize the 6-m.p. arrest on a heating curve. No 
difficulty is experienced, therefore, in the determination of the m.p.s of the 
‘various forms of this group. 


Table 2. Meliing points of simple triglycerides 
(CLARKSON and 


Tristearin . 545 65-0 | 72 

Trimargarin | 50-0 610 | #25 | 64-0 
Tripalmitin «45-0 56-0 | 63:5 | 655 
Tripentadecylin | 40-0 | 530 | 546 
Trimyristin | 330 | 465 | 545 | 57-0 
Tritridecylin | 20 | 41:0 | 42:5 44-0 
Trilaurin . . | 10 | 350 | — | 46-4 
Triundecylin | 10 | 265 | 29:0 | 305 
Tridecylin | | 


| 18-0 


8’-melting points have not been determined for trilaurin and tridecylin. 


Table 3. Long and short spacings of simple triglucerides 
(CLARKSON and MALKIN)'29), (23) 


3-7m, 3-9m, 4-63, 5-3m 


Tristearin . 50-6 | 4-2 3.88, 4-22s 

Trimargurin 48:5. 43-7 | 43-5 4-2 3-79s, 4-02w, 4-198, 4-37w 3-65in, 4-0m, 4-6s, 5-3m 
Tripalmitin 45-6, 42-6 | 40-6! 4-2! 3-Ss, 4-223 3-7m, 3-9in, 4-6s, 5-3m 
Tripentadecylin .| 429 39-1 38-9 3-81s, 412s, 4-3s 4-0m, 4-68, 5-3m 
Trimyristin -' 41-2, 37-6 | 35-8) 4-2!) 3-S8s, 4-22s 3-7in, 3-9m, 4-6s, 5-3m 
Tritridecylin§ 37-7 34-2 34-1 4-2 4-O4w, 426s, 4-43w | 3-65m, 4-0m, 4-6s, 5-3m 
Trilaurin . 35°6 32-85*: 31-2 4-2 | 3-7 18vs* 3-7m, 3-9m, 4-6s, 5-3m 
Triundeeylin 33-0 29-5 | 29-6 4-2 3- 425s, 4-52w 3-65m, 4-0m, 4-6s, 5-3in 


Tridecylin. 3-7m, 3-9m, 4-6s, 5-3m 


V8 = Very = strong; 


m = moderate; w = weak. 


Diaeid triglycerides with acids differing by two carbon atoms 


These fall into the following four groups in which the single acy! group is shorter 
or longer than the remaining two acy] groups by two carbon atoms. 
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Diacid Triglycerides with Acids differing by Two Carbon Atoms 


Group (2) CisCrcGre- 


Ir each group independently, the irregularity in structure due to the different 
lengths of the chains, is the same for each member, and since there is a uniform 
increase in the length of the molecule from member to member, regularities in 
m.p. and X-ray data are probable. 


(a) 


All the above glycerides exist in the vitreous, a-, 6’-, and $-forms, the m.p.s 
of which fall on smooth curves for each of the above groups, Fig. 11, and the 
long spacings for each group show a linear relationship to carbon content. The 


OF SYMMETRICAL TRIGLYCERIDES 
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Fig. 11. Melting points of diacid trigiycerides. 


magnitude of the long spacings suggests the same structure as that of the simple 
triglycerides, i.e. a head to tail tuning fork structure, and if the spacings are 
plotted against twice the length of the longer acy] chain, the intercepts at C=O 
for (a), (6), (c), and (d) are respectively 2, 1, 2,O, A, which suggests some slight 
interpenetration of the chains. 
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The Polymorphism of Glycerides 


Short spacings are similar to those of simple triglycerides and consist of broad 
and narrow bands for f- and #’ forms respectively, except for the members of 
group (b), where both #’- and £-forms give rise to a narrow band of short spac- 
ings. By what appears to be more than a coincidence, the side spacings of the 
B-forms of the members of this group are practically identical with those of the 
B’-forms of simple odd acid glycerides of the same acyl Jength, e.g. trimargarin 
and 2-stearodipalmitin. 


Table 4. Melting points of diacid triglycerides 


Symmetrical! Unsymmetrical™*? 


Vitreous 


Decodilaurin . 
Laurodimyristin 
Myristodipalmitin 
Palmitodistearin 
Laurodidecoin 
Myristodilaurin 
Palmitodimyristin 
Stearodipalmitin 


Table 5. Long and skort spacings of diacid triglycerides“, 07) 


ls 
|3 


-79m, 4-06w, 4-35w, 4-62s 
5-3m 
3-Sim, 3-89m, 4-61s, 5-3m 


2-Decodilaurin . — “ae | 


2-Laurodiryristin . |39- 36-7 7 19: 3-82s, 4-05w, 4-16s, | 
| 4-35w 
2-Myristodipalmitin . ‘ed 4 3-82s, 4-05w, 4-16s, | 3-74m, 3-86m, 4-61s, 5-3m 
4-35w 
| 4: 3-82s, 4-05w, 4-16s, | 3-68m, 3-86m, 4-61s, 5-3m 
| 
2-Laurodidecoin . — i= 3-878, 4-17m, 4-39s 


4-35w 
2-Myristodilaurin. — 34-5 33- 6) 85s, +-35* 3-86m, 4-U6w, 4-263, 4-45w 
2-Palmitodimyristin -0 39-7.38-1 19 3°SS8s, 4-158, 4-31s 3-8is, 4-13m, 4:3l1s 
2-Stearodipalmitin 50-2 44-7 '$3-2 + 3-8ls, 4-35* | 3-81m, 4-03w, 4-48m 


1-Decodilaurin . 304 4'31- — 3. 83, 4-18, 4-35 | 3-67m, 3-86m, 4-63, 5-3m 


1-Laurodimyristin 3-67m, 3-86m, 4-6s, 5-3m 
1-Myristodipalmitin . 43- 9 40- 341-54 19 3- 3-67m, 3-S6m, 4-6s, 5-3m 
1-Palmitodistearin . 48-8 44-7 46-5 19 3°8 3-7:m, 3-S6m, 4-63, 5-3m 
1-Laurodidecoin .. .| | 28-4 — | 3-83, 4- . 3-75m, 3-86m, 4-63, 5-3m 
1-Myristodilaurin. | (34:533-0 — 3-83, 4-18, 4-3! 3-75m, 3-S6m, 4-63, 5-3m 
1-Palmitodimyristin 42: 8 39-5 37-7 4-19 3-5 2, 4:5 | 3-67m, 3-S6m, 4-6s, 5-3m 
1-Stearodipalmitin 8 43-94-25 4-19 3: | 3-67m, 3-86m, 4-6s, 5-3:n 


* = diffuse lines. 


| | | 8’ | B — | B’ | B 
23 | 33 | 385 5 | | 31 | 355 
| 35 | 45 | 50 22 7 | 42 | 465 
. | 37 | 46 | 55 | 60 36 751 52 | 57 
50 | 56 | | 68 | 50 7 65 
6 | 2 | 34 | 375) | | 26 | 30 
| 37) 44 | 19 | | 39 | 435 
. | 388 | 49 | 55 | 585] 34 5-5 | 50-5 | 54 
49 | 59 65 | 68 | 465 | | 59-5 | 62-5 
| tone | 
| a | B’ | 8 | | 8’ 
18 


Diacid Triglycerides (Acids differing by more than Two Carbon Atoms) 


There is a marked difference in the speed of the transitions between the 
symmstrical (a) and (6) and the unsymmetricai (c) and (d) glycerides. With the 
former, the transition x — f’ is particularly rapid, and cooling curves of group 
(a) in articular show an unusually large rise in temperature, dre to this change 
(see Fig. 3). This marked rise is not observed for any of the unsymmetrical 
gl cerides, which are characterized by very slow transitions. As a consequence, 
c:pillary m.p.s of the various polymorphs of unsymmetrical glycerides are 
reedily determined, for this group exhibits true “double melting,” and no 
trouble is experienced with “softening” points. The transition £’ ~ f is so slow 
in this group that even from solvents, the £’-form more commonly separates 
than the stable f-iorm. The latter is best obtained by extremely slow crystal- 
lization from non-polar solvents, preferably in a Dewar vessel. Unsymmetrical 
glycerides are easily distinguished, by their less crystalline appearance, from the 
symmetrical compounds, which form glistening masses of felted needles: under 
the microscope the former appear as short thickish prisms, and the latter as long 
slender, thin prisms. #’-forms have the outward appearance of precipitated 
chalk. 


Diacid triglycerides (acids differing by more than two carbon atoms) 

The polymorphism of this group is similar to that of other diacid triglycerides, 
the transitions being rapid for symmetrical and slow for unsymmetrical com- 
pounds. This is illustrated in the cooling curves for the symmetrical compounds, 
Fig. 6, which show a sharp rise in temperature as crystallization sets in, not 
observed on curves for the unsymmetrical compounds. The f’ —~ £ change for 
the latter group is exceedingly slow, and in the case of 1-laurodistearin, the 
B-form has not been obtained, although a m.p. comparison with the symmetrical 
isomer, suggests that it should exist. 


Table 6. Melting points of diacid triglycerides 


Symmetrical” Unsymmetrical®™ 


TVilreous a 


15 32 
32 
44 

3 
20 
36 CS! 


Decodimyristin | 
| 23. 
| 
| 


Laurodipalmitin 
Myristodistearia 
Myristodidecoin 
Palmitodilaurin 
Stearodimyristin . 33 
Decodipalmitin 20 
Laurodistearin 
Palmitodidecoin 
Stearodilaurin . -| 22 | 

| 


| 
| 
| 
| 


36 | 
2 

20 
13 
33 


Stearodidecoin 5* 
Decodistearin . 


| | 


* Diflicult te determine owing to speed of transitions, probably accurate to 1°C. 
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The Potymorphism of Glycerides 


When members of this group are arranged in appropriate families, e.g. 
they exhibit regularities in m.p. and x-ray data, 
but some divergences occur among the x-ray data, owing to possibilities of both 
the simple and the triple-chain-length structure, and a more detailed X-ray 
investigation will be required before some of these points can be cleared up. The 
greatest difficulty in this group, is to obtain a clear picture of the change from 
the simple to the T.C.L. structure by a mechanism not involving a large heat 
change since this would appear to involve the breaking and re-making of a large 
number of lateral methylene linkages. Moreover, the conditions under which 
- glycerides of apparently similar structure adopt one or other of these structures, 
is not clearly understood, e.g. the £’-forms of 2-decodipalmitin and 2-lauro- 
d‘stearin. 


Table 7. Long and short spacings of diacid triglycerides®. (18) 


| Long spacings Side spacings 

| 

| a B | B 

| 
2-Decodimyristin .| 33-7.52-5' 3-92 4-15 4:39w (3-84 4-2w 4-6 5-25w 
2-Laurodipalmitin . 6 059-0, 3-81 4-08 4-36 3-844:-2w 4-6 5-25w 
2-Myristodistearin ..49-5 44-7 65-8, 3-77 4-12 4-26 | 3-844-2w 4-6 5-25w 
2-Myristodidecoin | — 30346539 43w 4-6w ' 3-86 4-6 4-96w 5-29w 
2-Palmitodilaurin .; — 36: 635-5 3-9w 4:09w 4-29 4-44 | 3-85 4-09w 4-29 4-44w 
2-Stearodimyristin. 44-0 '41- 0 40- 0, 3-88w 417 4-34 4-34 
2-Decodipalmitin .|39-0 74: 056-5, 3-82 4-08 4-31 5-84 4-61 5-32w 
2-Laurodistearin .'47-1 42-463-7,3-82 4-08 4-31 | 3-84 461 5-32w 
2-Palmitodidecoin | — | — /49-5| 3-85 4-3vw 4:58 4-8vw 5-27w 
2-Stearodilaurin . 40-8 5 56- 8 3-83 4-02w4-2 4-41w | 3-25 4-3vw 4-58 4-8vw 5-27w 
2-Stearodidecoin .| — | — 51-6) (3-87 4-24w 4-58 4-9w 5-29w 
2-Decouistearin .| — 76-361-2'3-83 4-11 4-34 | 3-86 4-61 5-34 
1-Decodimyristin .| — 33-835-2.3-8 4:12 4-33 | 3723-2 4534-67 5-4 
1-Laurodipalmitin . 45-4 38-5 39-83-78 4-09w 426 45w 3-723-9 4534-67 5-4 
1-Myristodistearin 48-5 43-4 45-03-78 4-09w 4-26 4-5w 3723-9 4534-67 5-4 
1-Myristodidecoin .| — 31-347-5;3-8 4-iw 4-26 4-6 4-Sdw 5-2lw 
1-Palmitodilaurin .| — 36-2 54:6, 3-78 5-09w 4-26 3-84 4:6 4-84w 5-2lw 
1-Stearodimyristin 46-4 41-761-4,3-8 4:15 4-27 3-84 4:6 4-8iw 5-2lw 
1-Decodipalmitin — |74-156-2:3-82 41 4:35 | 3-84 4-27w 4-6 4-85w 5-26w 
1-Laurodistearin .'47-4 42: 8 —/3-82 418 4-35 
1-Palmitodidecoin | — | — 49-7, 3-94 4:35 3-844-27w 4-6 4-85w 5-26w 
1-Stearodilaurin — 38-7 57- 0 3:86 4:11 4-35 3-84 4-27w 4-6 4:85w 5-267 
1-Stearodidecoin .| — 51-052-6)3-8 41 4-35 | 3-84 4-6 5-3 

73-7* — |60-0) '3-74 4-02 4:33 4-6w 


1-Decodistearin 3 7 | | | 


All z-forms give a single spacing 4-19 A. w = weak lines. 
* Possibly 


The vitreous form of triglycerides 
With the exception of a few additional data of CLarKson and MaLkrn‘) in 
1948, thuse so far discussed are due to MALKIN et al. up to 1939, and they lead to 
the satisfactory and harmonious explanation of the polymorphism of trigly- 
cerides whick was summarized on pp. 2, 3. In 1945, however, Lurroys'™ and 
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The Vitreous Form of Triglycerides 


other American workers,'*!), ‘??) none of whom had had any previous experience 
in this difficult field, advanced the view, on the flimsiest of evidence, “‘that the 
concept of the glassy state of triglycerides should ve eliminated” and that there- 
fore t-iglycerides exist in only three solid modifications. But since MaLkr et al., 
over the previous dozen years, had published m.p. data for some forty triglycer- 
ie +s, all existing in four forms, this new suggestion hes naturally given rise to 
s me confusion, which has not been lessened by Lutron’s misuse and mis- 
application of MaLKrn’s terminology (see p. 13). Nor were matters improved 
when Lutton,‘?®), 2) who for long insisted on the existence of only three forms, 
began at last to find four, and was consequently compelled to introduce a still 
more confusing terminology. This view has retarded progress so greatly that it 
has become an urgent matter to settle the question finally, and in order to do so 
LeTTon’s view will now be examined a little more closely. 

There is, of course, nothing inherently improbable in the view that glycerides 
may exist in a vitreous form. Tamany, one of the greatest authorities on the 
phenomena of melting and crystallization, expressed the view that most sub- 
stances could probably be obtained in the vitreous form. To illustrate this he 
took, more or less haphazardly, as many organic substances as he could find 
about his laboratory (153), and melted and cooled them at different rates, and 
found that 59 could exist as glasses. 

Many of the early workers recognized that the iowest form of ylycerides was 
non-crystalline, thus Herstz) speaks of tristearin cooling to a transparent 
porcelain-like mass, and the same expression was used by REIMER and Wii ‘®) 
for trimyristin. Losxir®® stated that the lower glycerides solidify as glasses, 
whilst GUTH speaks of an amorphous labile condition. Quite recently, Ravicx, 
ZcRINov, Votnova, and Petrov, in a thoughtful paper, which shows a clear 
understanding of the principles of glyceride crystallization, adduce optical and 
other evidence for the existence of the vitreous form of glycerides. Part of their 
summary is worthy of quotation. “A thin layer of molten trilaurin between 
coverglass and slide, upon being cooled off at a given rate (by placing it on a 
cooling stage of temperature 4°C) yielded the transparent vitreous y-form, which 
does not reveal anisotropy on microscopic examination in polarized light. This 
form is exceedingly brittle, shatters into fragments at a blow and upon softening 
assumes a Salve-like consistency. Upon extremely rapid cooling of trilaurin 
melts (by immersing the samples in liquid air) they acquire the property of 
double refraction, like compressed glass plates.’”” Fig. 12 taken from the above 
paper, shows the curiously cracked appearance of the solidified trilaurin referred 
to, and the shattering effect when this is struck. 

In a recent paper from Lvrron’s laboratory, Qrimpy™) also refers to the 
rigidity and brittleness of the lowest melting form, which he finds fractures under 
high pressure. Now it is fairly common knowledge that the most characteristic 
property of long chain compounds in general is their softness and “‘soapy”’ feel. 
This is due to the regular layers of weakly attracting methyl groups in the 
crystal, which form the main cleavage planes: the fact that the above low 
melting forms fracture and shatter is the strongest evidence that these planes 
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are absent, and that the solid is not truly crystalline. Qumry, who also con- 
siders that the vitreous furm does not exist, refers frequently to the well-known 
spherulitic formations which are so characteristic of glycerides, but he does not 
seem to have considered the ‘mplications of this. Spherulitic growth is a direct 
consequence of crystal growth in a highly viscous melt. Practically all the 
naturally occurring spherulites are known to have been formed in rapidly cooled 
viscous magmas, and they are common in rock glasses whose chief components 
are alkali feldspars and quartz. Artificial spherulitic structures often develop 
in badly annealed glass. In short, the formation of spherulites is diagnostic of a 
highly viscous melt, and it can safely be predicted that a substance which 
gives rise to spherulites will always form a glass when its melt is cooled quickly. 
As is well known, the ability of a substance to supercool and finally form a rigid 
glass can roughly be related to its viscosity, or to the activation energy constant 
(B) in the relation between viscosity and temperature 7 = Ae®/2®T_ A high 
value of B means that the molecules cannot easily change their positions, and 
this is clearly a measure of resistance to crystallization: it also means a high 
rate of increase in viscosity with falling temperature, and hence a high probability 
of forming a rigid glass at some lower temperature. The striking resistance to 
crystallization of glycerides has been stressed earlier (pp. 3, 4). 

It will be of interest to now consider LUTTON’s views more fully. According © 
to him, most glycerides exist in three forms, and there is no vitreous form. It 
was, however, necessary for him to explain the data in Tables 4 and 6, which 
give the m.p.s of four forms for some forty glycerides. Lutron therefore con- 
eluded that MaLxry and his collaborators had completely misinterpreted their 
results, and that their vitreous, and $-forms were really «-, 8’-, and 8-forms 
respectively: moreover, all the £’-m.p.s given in the above tables were fictitious, 
since owing to a remarkable and extremely convenient effect known as “degree 
of stabilization,” 8-m.p.s of pure glycerides may vary over a range of anything 
up to 5°. This iatter view is too naive to warrant discussion, but it will be worth 
while to consider the p’- and #-m.p.s a little further. Crystallographically, the 
B’- and £-forms are similar in that they possess tilted, nen-rotating chains, and 
they are also probably both monoclinic. It is not likely therefore that their free 
energy difference, nor their difference in m.p. will be great. From the previous 
tables, the average m.p. differences are: 

Simple even glycerides, 2-2°; mixed glycerides (Table 4), 4-1° (Table 6), 3-5°, 
and for a further large group of mixed triglycerides investigated by CHEN and 
DavBERT® (Table 11), 3-3°, the extreme limits of difference being 1-2° and 
5-5°, and it may be mentioned, in passing, that the differences between the 
3’- and £-m.p.s of mono- and diglycerides are of the same order. 

The differences between and §-m.p.s found by Lutrron‘™), (32) are as 
follows: 

PSS, 0-2; PSP, 1-0; SSS, 9-1; PPP, 10-0; MMM, 9-9; LLL, 10-0; PMP, 
13-3; SMM, 9-9; PMM, 7-9; SLL, 13-6; where L = !auric; M = myristic; 
P = palmitic; S = stearic; PSS = palmitodistearin, ete. 

With the exception of the first two examples, these differences are of an 
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entirely diflerent order from those of Matkrx, and and DavsBert, and 
they clearly refer to a difference between the « and § m.p.s. This would be 
expected to be larger, because of the high energy content of the vertical rotating 
chains. In other words, Lutton’s f’-form is in fact the a-form as MaLKIn 
originally stated. That this is so, is also clear from a consideration of the simple 
triglycerides. Both Lutton and MALKIN agree that the and #-forms are 
tilte . Hence the melting points of these forms should alternate, for there is no 
known exception te the rule that tilted forms alternate (see Vol. 1, p. 15). 
According to Lutron, however, the #’-m.p.s fall on the smooth curve marked « 
in Fig. 10. 

Before concluding this section, a little should be said concerning Lurron’s 
interpretation of cooling and heating curves. In only one case, that of 2-stearo- 


Fig. 13. Cooling and heating curves for 2-stearodipalmitin (Lutron). 


TEMPERATURE °C 


w 
9) 


dipalmitin, has he carried out any systematic study of curves, and these were 
taken too rapidly to be of any real value. Lurron considers that only two forms 
- exist for this glyceride, namely the «-form of m.p. 46-5 and the stable form of 
m.p. 68-6° which he wrongly terms the ’-form, contrary to MALKIN’s original 
definition. On the other hand, MaLkrx and Mraka"® found vitreous, a-, £’-, 
and f-forms, melting respectively at 49, 59, 65, and 68°C. 

Lurron could give no explanation whatever for curve 1, Fig. 13, reproduced 
from his paper, for neither arrest corresponds with either of his stated m.p.s; 
. it is, however, a typical curve showing separation of a-form, similar to those 
discussed on pp. 4,5. After supercooling, almost to the vitreous set point, which, 
as has been pointed out, is often the region of maximum «-nucleation, crystal- 
lization of the a-form sets in, and the curve rises to the a-m.p. In this region, 
some « — f’ transition takes place, but the heat of crystallization and transition 
is not sufficient to overcome the external cooling and the temperature slowly 
falis. With a slightly smaller cooling gradient, a second rise would almost 
certainly appear on this cooling curve. 

The heating curve 2, does in fact show a slight inflexion at the a-m.p. (59°), 
but as the entire rise in temperature to the main m.p. occupied barely a minute 
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and a half, it is not surprising that this arrest is so slight, and that it was over- 
looked by Lutron. In both of the heating curves the melting begins at about 
65° (the B’-m.p.s of MaLKIN and Megara) and at no point is there a flat portion 
at 68-6°, the m.p. claimed by Lutron. Clearly, this arrest is due mainly to the 
melting of the $’-form which is eccompanied by a small amount of p’ > B 
transition, but at no time is there any appreciable amount of the -form present. 
In a later paper, Lutron™) gives a schematic cooling curve for tristearin 
(Fig. 14), showing the forms separating at the different points of the curve. This 
is the ideal curve for all glycerides discussed earlier, except that the arrests 
marked f’ and £ should be « and A’. 

If Lurron’s interpretation of the curve is applied to the case of PSP, first 
considercd, it will be seen that the «-form is crystallizing out some degrees 


TEMPERATURE 


TIME 


Fig. 14. Schematic cooling curve for tristearin (LUTToN). 


above its m.p. A consideration of the heats of crystallization of the various forms 
shows that Lutton’s interpretation of the above curve is wholly untenable. 
Krxc and GarNER'”) have shown that the heats of crystallization per methylene 
group for «- and §-forms is 0-708 calorics and 1-04 calories respectively, which 
agrees reasonably well with the ratio of the heats of fusion determined by 
CHARBONNET and SIncLeTon®® for « and f tristearin, namely 38-9 and 54-5 
calories per gram, i.e. 38-9 for « formation and 15-6 for « — f’ — # transitions. 
In other words, 70% of the heat evolved during crystallization is due to «- 
formation. According to Fig. 14 the heat evolution during «-formation is not 
more than 10° of the whole. 

The same point is demonstrated by the steep rise characteristic of the heating 
curve when the vitreous form melts (Fig. 13; cf. also Fig. 3). If the vitreous form 
were the «-form as LUTTON suggests, the only heat available to produce this 
rise would be the relatively small heat of transition « — 6’, for by far the larger 
part of the heat of crystallization would have already been evolved during the 
crystallization of the a-furm. Quite clearly, the explanatien is that LuTTon’s 
so-called a-furm is vitreous, and the steep rise in temperature is due to the 
delayed crystallization of the «-form. 
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Further Diacid Triglycerides 


Further diacid triglycerides 


J:cxson and Lrtron*) have reported the m.p. and x-ray data for behenyl- 
palmitic and beheny]-stearic glycerides given in Tables 8 and 9. Their lowest 
melting forms are probably vitreous, and to preserve a uniform terminology, 


Sufficient hes now been said to show that the view thet there is no vitreous 
form leads to contradictions and errors frcm whatever angle it is approached. 
Its introduction has eaused the greatest confusion, and in the interests of the 


Table 8. Melting points of behenyl mixed triglycerides 


PBP 


SBS 


47-4 
66-6 


56-0 
64-0 
70-6 


Table 9. Long and short spacings of behenyl mixed 
triglycerides 


SBS 


SBB 


Sub-alpha . | 
| 


Vitreous 50-0 

46-0 

B 70-4 

Sub-alpha 

Vitreous ‘ l4vs 

8’ .| 4:19vs 
3: 76s 

B | 4 4-58s 

3-79vs 


| 


53-2 
49-4 
75-1 


4-l4vs 
4-18vs 
3-78s 
4-58s 
-78vs 


61-4* 
59-1* 
53-3 
54-6 
4-2s 
3-77m 
4-l5ve 
4-20vs 
3-788 
4-598 
3-878 
3-708 


* It is doubtful whether this difference in the long epacings of the 
sub-alpha and vitreous forms is real: only two orders were found for the 
former d = 62-53 and 60-3, and therefore the experimental error is of a 


high order. 


sub-alpha form on this evidence alone. 


A later paper by Jackson, WILLE, and Lutron“) gives m.p. and x 
2-butyryl, and 2-caproy] distearin and dipalmitin (Table 10). 


for 2-acetyl, 


they have been so designated in the table. 
of a new low temperature form, termed sub-alpha, but no m.p.s were found for 
these forms, and the only evidence for their existence is the appearance of a 
short spacing in the region of 3-7-3-9 A, at low temperatures (— 50°). At such 
low temperatures, however, ice condenses on the specimen, and gives rise to a 
spacing in this region, and it would be unwise to accept the existence of the 
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-ray data 


| 
= | | | PBB | SBB 
55-9 61-3. 
66-1 71-5 
— 73-5 
a 
| PBP | | PBB | 
| | 58-9 | 
57-4 
52-4 | 
| 
4-livs | 
| 4:20ve | 
| 3-788 | 
| 


Tke Polymerphisin of Glycerides 


Although six different polymorphic forms are claimed to exist in this group, 
none exhibits more than three m.p.s, and a critical examination of the x-ray 
data suggests that only the x- and the stable 8-forms are definitely characterized. 


Table 10. Thermal and x-ray data of acetyl, butyryl, and caproyl 
diglycerides‘* 


SC,S | | sc,s | por SC,S 


PrC,P | 


Sub-alpha 
Alpha . 
Super-alpha . 
Sub-A-beta 
Sub-B-beta . 
Beta 


20-6 | 27-7 
32-6 
| 46-0 
| 46-0 
46-5 | 53-1 


X-ray data: long spacings, A 


| 


Super-alpha . 


Sub-A-beta 


Sub-B-beta . 


Sub-alpha-1 (-3) 26-9 30-4 
Aip*a-] 25-9 | 30-0 
Super-alpha-1 24-2 | 
‘as Sub-A-beta-3 55-6 
Sub-B-beta-3 545 
Beta-3 45-0 | 56-8 
° 
a Short spacings, A 
-alph 
Sub-alpha 
Alpha . 


* This is obviously not a short spacing. 


| Melting points, °C . 
40-4 | 28-4 | 13-4 
| | 33-4 | 
| | 42-7 | 
| eg | | 40-5 
62-8 | 54:8 54-8 | 44-5 
| 
| 
| 53-7. 
| 52-8 
49-2 
| | 52-5 
3-70m 
.| 
2-44vw) | 2-50vw | 
| | 
| 4-l4vs 
| 2-43vw 
___.___._ 5-15m 
| 4-698 
| 4-550 
| 3-868 + 
| 3-55m-— 
| 
| | 3-878 
| | | 3-668 
Beta . | 4-593 | | | 4-60vs | 
| | 4-043 | | 4-61vs 
| | 3-72vs | 3-853 | 3-S2vs 
| | 3-69m 
| | | | | 
| 
26 


Triacid Triglycerides 


The authors’ description of the behaviour of SC,S and PC,P is of considerable 
interest and is worthy of quotation. “The super-alpha form, observed for SC,S, 
and PC,P, is. unique thus far for triglycerides. The name was chosen because the 
new p lymorphic form had the characteristic 4-14 A short spacing of alpha 
while its melting point was 10-12° higher than that of alpha . The 
su’ er-alpha form was obtained by tempering the alpha form at 0-5° below its 
m -Iting point for 2-4 minutes.”” Thus the authors unwittingly confirm MaLkm’s 
view as to the nature of their alpha form. As was pointed out earlier, the lowest 
melting forms are vitreous, but they often contain sufficient crystallites of the 
a-form to give an X-ray pattern of this form. When this form is held near its 
m.v. it changes into the higher melting a-form (LuTTon’s super-alpha) which 
naturally gives the spacings of the a-form. Far from being unique, this is the 
general behaviour of all triglycerides. 


Triacid triglycerides 


CHEN and DavBertT®® and Sipxv and DavuBert” have determined the m.p. 
data for a series of triacid triglycerides, given in Table 11. It is not clear how 


Table 11. Melting points of triacid triglycerides*®. 0) 


I II 


- 59-5 56-1 40-6 
57-5 56-0 32-0 


Cyp—O “Cig 55-0 53-8 20-1 


Cys - 58-5(59-0) 56-0(54-0) 40-3(43-5-44) 
Cy ° 
° 
Cye—Cy 
1s 
Cyo 
1 ° 
Cys Cy ° 


far the glycerides were investigated by cooling and heating curves, for no details 
are given; but m.p.s are given for three forms termed I, II, III. CHen and 
DaUBERT made the interesting observation that several members of the group 
could be obtained in form II, by crystallization from solvents, whereas, of course, 
the stable form I would be expected, and in a later paper, FILER, Jr., SmpHU, 
Cren, and DavBErtT) showed, that forms I and II correspond to f- and f’- 
forms respectively. Form III was not identified, but there is little doubt that 
this is the vitreous form, except for the case of C,,—C,,—C,», where it is probably 
the a-form. This can be deduced by plotting the m.p.s of the related series, 
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1-Monogiycerides of Saturated Acids 


irregularity, yet increase regularly in length (Fig. 15). Forms I and II lie on 
smooth curves, whereas the centre point of the lower curve is clearly too high. 
From the absence of experimental details, this series does not appear to have 


Z 


TEMPERATURE °C 
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Fig. 15. Melting points of triacid triglyceridos. 


been submitted to a detailed thermal study; such a study would most probably 
reveal other a-m.p.s lying between those of forms II and ITI. 
x-ray data for the above glycerides are given in Table 12. 


MoONOGLYCERIDES 


l-monoglycerides of saturated acids 


FiscHER, BERGMANN, and Barwrxp‘*) were the first to report the double 
melting of 1-mono-stearin and -palmitin in 1920. Ten years later, REWADIKAR 
and Watson) made a systeniatic study of the melting phenomena of the even _ 
acid 1-mono-glycerides from monolaurin to menostearin, and showed that they 
exist in two distinet forms; they also suspected the existence of a third form, 
without, however, expressing a definite opinion. This work wes confirmed and 
extended by MaLkrx and Suvursacy,'*) who, by means of cooling and heating 
curves and x-ray examination, found three solid modifications for all 1-mono 
glyeerides from monodecoin to monostearin, viz. 2 low melting «-form (vertical 
rotating chains) and two higher melting forms, f’- and f- (inclined chains, 
alternating m.p.s). They showed that when the molten monoglyceride is cooled 
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The Polymorphism of Glycerides 


the «-form is the first to separate; this ther changes into a more stable 8’-form, 
which finally changes much more slowly into the stable £-form. The latter can 
also be obtained by very slow crystallization from solvents; rapid crystailiza- 
tion from solvents may give rise to a mixture of all three forms, but as a rule 
gives the #’-form. Lutron and Jackson‘) later claimed to have found a 
fourth form which they termed sub-alpha. 


Cooling and heating curves ° 

The curves for monoundecoin in Fig. 16 illustrate the general behaviour of 
monoglycerides. AB, cooling to room temperatures, shows the separation of 
a-form, and BC shows the melting of «-, 8’-, and £-forms. On increasing the 


TEMPERATURE 


TIME.MINUTES 


Fig. 16. Cooling and heating curves of 1-monoglycerides, 
l-monoundecoin, - ; 1-monopalmitin, 


cooling gradient by the use of ice, a lower arrest is observed (BD) and the 
subsequent heating curve, DE, now rises to the m.p. of the £-form. No arrest 
now appears at the «-m.p. and only the slightest indication of an arrest at the 
p’-m.p. Clearly, as the «-form cools, it changes into §’- and #-forms, and from 
BDE it appears that these transitions are completed by further cooling. The 
curves for monolaurin are very similar to the above, and curves for other 
members differ in a gradated manner, according to the length of the acid chain, 
changes being more rapid with shorter than with long chains. Thus the « and 
B’ arrests on the heating curve of monodecoin are less pronounced, because of 
the rapid « 8’, 8’ ~ changes, whereas the corresponding arrests are more 
marked in the case of monotridecoin, and the final f-arrest is slight. On ascend- 
ing the series to monomyristin and monopentadecoin, the f-arrest disappears 
altegether, owing to the slow £’ + # change. If, however, the specimen is 
first cooled very slowly, then the latter transition takes place, and a -arrest is 
observed on the heating curve. With still higher members, both the #’ and f 
arrests are usually absent; after very slow cooling, the £’-arrest may be observed 
but the transition 8’ — 8 can only be brought about by maintaining the speci- 
men in the region of its 8’-m.p. for several days. 
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The cooling curves for the series are alike in showing two arrests, the first of 
which represents the changes liquid — a-form. The changes at the second arrest 
are more complex, but for the lower members appear to be a —> f’ - f-transi- 
tions. For the higher members, however, these transitions do not appear to take - 
place, and the lower arrest is reversible (discontinuous curve, Fig. 16, 
1-me 10palmitin). 

Table 13 


1-Monoglyceride 


Decoin 
Undecoin 
Laurin 
Tridecoin 
Myristin 
Pentadecoin . 
Palmitin ‘ 
Heptadecoin 
Stearin. 


® }-Monostearin differs from the other monoglycerides in that there 
are two distinct reversible cLanges in this region. LUTTON”*’ has now 
confirmed this, having previously failed to observe the two changes.'** 


TEMPERATURE 


NUMBER OF CARBON ATOMS IN ACYL 
RADICAL 


Fig. 17. Melting points and transition temperatures of 1-monoglycerides. 


The various curves can be modified by varying the rate of cooling. Slower 
cooling increases the velocity of the transitions, so that if, for example, mono- 
palmitin is cooled very slowly, it gives the type of curve normally given by 
trimyristin, and shows evidence of the £’-form on the heating curve. Conversely 
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the curves for monomyristin cooled rapidly are similar to those shown in Fig. 16 
for monopalmitin, and the lower arrest appears to be reversible. This reversible 
effect is therefore due to the excessively slow rate of the transition « — f’, 
and if the palmitin curve is continued as shown in Fig. 16, F.G.H., the magnitude 
of the reversible effect diminishes, and the presence of the £’-form is shown by 
the final heating curve. : 

Melting points of the various forms and temperatures of the lower arrests on 
the cooling curves are given in Table 13 and plotted in Fig. 17. 


X-ray investigation 
The spacings of the stable -forms are best obtained from specimens which have 
been slowly crystallized from hexane or ether. Rapid crystallization gives rise 
to mixtures of forms, mainly the £’, mixed with the #-form for the lower 
members of the series, and the «-form for the higher. Melted layers give rise to 
a-, B’-, or B- forms, according to the rate of cooling and the temperature during. 
the X-ray exposure. Thus, a specimen allowed to solidify on a temperature 
controlled mount, just below its «-m.p., gives the «-spacing, together with that 
of the ’ or 8-form, transition into which is favoured by the high temperature. 
Within experimeniual error, the long spacings of 8’- and £-forms are the same; 
they correspond to double molecules tilted at an angle of 544°. The long 
spacings of «-forms correspond to double molecules lying vertically across the 
reflecting planes. 


Table 14. Long spacings of saturated 1-monoglycerides‘™ 


No. of C atoms inacid . 12 13 14 15 16 17 


B’ and $-forms . ‘ -| 32-¢ -2 | 37-3 | 39-6 5 | 43-8 48-2 
a-form . -| 37-2 -2 | 43-2 | 46-2 51-3 


Short spacings of saturated 1-:monoglycerides 
p’ = 3-86m, 4-248: B = 3-S8s, 4-12, 4-37, 4-58s. 
* 8-form determined by Sipuv and DACBERT.'*" 


The a-form is stable only over a small temperature range near its m.p. and at 
this temperature it rapidly changes into the more stable £’-form. It is rare to 
obtain more than two orders on the x-ray photograph, and as a rule only the 
first order appears, accompanied by several orders of the 8’-form. 

Although the long spacings of the £’- and #-forms are the same, the two forms 
are readily distinguished by their short spacings, the strongest lines of which 
are 3-86m 4-24s, and 3-88s 4-58s, respectively. The increasing rate of transition 
fb‘ — B with decreasing length of acid chain is well shown by the short spacings. 
From C,, upwards, §’-forms appear to be indefinitely stable at room temperature, 
with monomyristin the change takes place overnight and with lower members 
the transition usually occurs during the time of an X-ray exposure. 

The a-form may occasionally give rise to a single strong line at 4-18 A, but as 
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1-Monoglycerides of Saturated Acids 


a rule this is accompanied by weaker lines on either side, which suggests that 
transitions are taking place during the exposure. Lutron and Jackson‘5) 
state that the a-form is reasonably stable down to the lower transition tempera- 
ture, Sut it is clear from their x-ray results that they were not dealing with the 
somewhat fleeting a-form, e.g. the long spacing for their alleged a-form of 
ir mostearin is 8 A too short, and it cannot therefore be the spacing of a rotating 
v-rtical form. 

The instability of the «-form is well demonstrated by microscopic examination. 
If a monoglyceride is melted on a microscope slide under a coverslip, and placed 
on a heated stage just below the m.p. of the a-form, it appears through crossed 
nicols as a greyish liquid, without structure; yet nevertheless, it gives a strong 
uniaxial interference figure. This condition usually lasts only a few minutes, and 
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Fig. 18. Long spacings of saturated 1-monoglycerides. 


considerable repetition is necessary in order to observe it This is the true 
a-form, with vertical rotating chains, such as has been observed for fatty acid 
esters'4®) and aicohols.'*”), 48 Although the «-forms of triglycerides give rise to 
hexagonal spacings similar to those of «-forms of monoglycerides, they do not 
exist in a form which gives a single uniaxial interference figure, and hence their 
chains are to be regarded as non-rotating, but frozen into positions which simu- 
late the structure of true a-forms. 

Under the microscope, tne iiquid-like «-form of monoglycerides rapidly passes 
into a variety of irregular shapes, typical of the mesomorphic forms associated 
wich liquid crystals, and MaLkin and SuvrBacy considered that this form 
changed on cooling into a semi-vitreous solid, slightly more ordered than the 
vitreous form of triglycerides. Lurron and Jackson consider that this latter 
solid is a new crystalline modification, termed sub-alpha, which changes rever- 
sibly on heating into the a-form. They find that it gives a distinctive group of 
short spacings (4-:13vs, 3-92m, 3-75m, 3-58m), and there is no doubt that these 
spacings can be obtained for myristin upwards, when the molten glyceride is 
solidified fairly quickly. The cooling and heating curves already discussed, 
particularly those for monopalmitin, show, however, that the « — sub-alpha 
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chazge is not genuinely reversible, but only appears to be so because of the slow 
rate of the a - > 8’ transition; cf. for example, the interesting dielectric constant 
study by Crowe and Suyrza,"*) where it is shown that !-monopalmitin and 
stearin take several hours to pass from the «- to the #’-form in the neighbour- 
hood of the «-m.p. Whatever the true nature of this sub-alpha form, it is mainly 
non-crystalline in the ordinary sense of the term, for taking similar acid chains, 
the monoglycerides crystallize much mcre slowly than triglycerides, and «are 
thus more likely to solidify in a vitreous phase on being rapidly ccoled. 

This slow crystallization is probably due to the possibility of a variety of 
modes of hydrogen bonding between the two free hydroxyl groups of each 
molecule, which make it more difficult for the molecules to assume the correct 
position for crystallization, e.g. the slow crystallization of polyhydroxy com- 
pounds such as glycerol and sugar is well known. Moreover, the high m.p. of 
1-monoglycerides, compared with alcohols and acids, suggests thai the structure 
is more complex, and may involve lateral hydrogen bonding in addition to the 
normal head to head bonding. The still higher melting acid amides afford a 
parallel example. It is of interest to note that the 2-monoglycerides, which on 
grounds of symmetry might have been expected to melt higher than the 
1-isomers, actually melt several degrees lower. This suggests that the hydrogen 
bonding of the former is of the head to head type. 


2-Monoglycerides 

The only thermal investigation of 2-monoglycerides is due to DavBERT and 
CLaRKE,*!) who examined a series from monocaprin to monostearin, and who 
came to the conclusion that they were not polymorphic. Fmer Jr., Sipuu, 
DavBERT, and LONGENECKER™!) had earlier determined the long and short 
spacings of the soivent crystallized forms of this series, and although their data 
are complicated by an omission to filter 8-radiation adequately, their results are 
in excellent agreement with the unpublished data of Bevan and MALKIN given 
in Table 15. 


Table 135 


= 


S.P. . Short spacings 


| 

34-0 -4 | 4-07, 4-38, 4-58 
47-5 2-8 | 3-96, 4-40, 4-58 
58-0 36-2 | 3-92, 4-42, 4-60 
65-5 3-88, 4-42, 4-60 
70-0 9 | 3:86, 4-43, 4-60 


2-Monocaprin 
2-Monolaurin 
2-Monomyristin 
2-Monopalmitin . -| 
| 
| 


| 
| 
| 
| 


wowon 


2-Monostearin 


* These correspoud to double molecules tilted at an angle of 4:°30’. When plotied 
egainst the carbon content of the acids, the intercept at C = 0 is = 11A. 

A close examination of cooling curves shows, however, that 2-monoglycerides 
probably separate from the melt in the «-form. For mono-caprin to mono- 
myristin, this changes rapidly into the £-form, and the only arrest on the heating 
curve is at the §-m.p. Cooling curves for monopalmitin and monostearin show a 
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second arrest at a lower temperature. This appears t¢ represent a reversible 
change, for there is an arrest at the same temperature on the heating curve, 
which then rises to the 8-m.p. There is thus a certain paralle] with the behaviour 
of the *-monoglycerides, but the transitions are much more rapid, and there is 
no indication of the existence of the #’-form. Curves for 2-monostearin and 
2-1 »nomyristin are given in Fig. 19. 

..l] the 2-monoglycerides exhibit spherulite formation if cooled at a suitable 
rate, and with a little care, 2-monocaprin may be shown microscopically, to 
exist in a uniaxial form. 


TIME 


Fig. 19. Cooling and heating curves of 2-monoglycerides, 
2-monostearin (AA); 2-monomyristin (BB). 


24 6 6 © 6 
4 NUMBER OF CARBON ATOMS IN ACYL RADICAL 
a Fig. 20. Long spacings of 2-monoglycerides. 


1,3- Diglycerides 
The polymorphism of simple diglycerides was first investigated by MALKE, 
SHURBAGY, and Meara,52) who showed that they were similar to the mono- and 
triglycerides in existing in x-, B’-, and £-forms. They reported an apparent dis- 
continuity at dipentadecoin, since only one £-form was obtained for the higher 
members, but later, Baur, Jackson, Kop, and Lutron‘**) observed the missing 
B-form for dipalmitin and distearin: hence, the entire series from dicaprin to 
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distearin, behaves normally, and exists in «-, 6’-, and #-forms. The latter 
authors showed that diglycerides often crystallize from solvents in the $’-forms, 
and they also observed a new type of short spacing, very similar to those 
described by MaLKxy ef al., but as there were now three types of short spacings to 
describe two forms (f’ and £), there remained some slight confusion, which was 
removed by a later re-examination of the problem by Howe and Marxr.(5# 
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Fig. 21. Cooling and heating curves for 1,3-dilaurin. 
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Fig. 22. Melting points of 1,3-diglyecrides. 


Sripxu and Davsert‘) have shown that a number of mixed dig!ycerides 
exhibit the same type of polymorphism as the simple diglycerides. 

Diglycerides give rise to spherulites which are distinguished from those given 
by triglycerides by a curious rippled effect. 


Cooling and heating curves 


Cooling curves sbow only one arrest (x-separation), but two usually appear on 
the heating curves. For the lower members, with not too rapid cooling, these 
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are at the £’- and f-m.p.s, whilst for the higher members, or for the lower 
members after rapid cooling, they occur at the a- and f’-m.p.s The curves 
shown in Fig. 21 for dilaurin are typical of those for the lower members. In 
generil, « — f’ transitions are rapid, but #’ — f transitions are unusually slow 
and for the higher members, occur only near the £’-m.p. Baur et al. have shown 
t} at the latter change takes place at rates which are inversely related to the 
sain length. 

Melting points are given in Table 16, and those of the series dicaprin to 
distearir are plotted in Fig. 22. 


X-ray investigation 
x-ray data for #’- and f-forms only have been recorded. Owing to the rapidity 
of the transition « — £’, it has not been found possible to obtain x-ray data for 
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Fig. 23. Long spacings of 1,3-diglycerides. 


the «-form, and the identity of the low melting form as an a-form, can only be 
inferred by analogy with the behaviour of other glycerides, and by the fact that 
the m.p.s are non-alternating (see Fig. 22). 

The long spacings of the simple diglycerides correspond with double molecules 
tilted at angles of 75} (8) and 64} (8’). When plotted against carbon atoms in 
the acyl chain, the intercepts are = SA, see Fig. 23. It is seen from Table 16 
that there are three distinct groups of short spacings, which have been termed 
the a, b, and c types. They occur as follows: 


atype: #-forms of all odd acid 1,3-diglycerides, and f’-forms of dipalmitin 
and distearin. 

b type: £’-forms of all 1,3-diglvcerides except dipalmitin and distearin. 

ctype: £-forms of all even acid diglycerides. 


These results emphasize the difficulty of attempting to classify polymorphic 
forms of glycerides according to the type of short spacing (see p. 13). Both £’- 
and f-forms of diglycerides give rise to the strong 4-6 line, which according to 
Lutton’s classification, is characteristic of £-forms only. 
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1,2-Diglycerides 


1,2-Diglycerides 
The only study of the polymorphism of 1,2-diglycerides is due to Howe and 
Marry,‘ who showed that they exist in two solid modifications, « and , the 
transi. .on « — f being much slower than is the case with the 1,3-isomers. 


T 2rmal examination 

Sulvent crystallized materiai melts at the f-m.p. and resolidifies at the a-m.p., 

remelting again at the a-m.p. The transition « — f is very slow, but if «-forms 

are maintained overnight, just below their m.p.s they change into the f-forms. 

Cooling and heating curves normally show arrests at the a-m p. only. 
1,2-Diglycerides exhibit spherulite formation, but the rippled appearance 

characteristic of spherulites of 1,3-diglycerides is absent. 


X-ray examination 

Long spacings of a- and £-forms are obtained from “‘melted” and pressed layers 
respectively and short spacings from ‘“‘melted” and pressed rods. When plotted 
against the carbon content of the acy! chain, they fall on two straight lines which 
cut the axis C=O, at = 6-5 (f) and 9-5 A (a). The results agree with an arrange- 
ment of double molecules lying vertically (x) or inclined at an angle of => 64° 
(B) to the reflecting planes. Short spacings are practically identical for the 
series, and they differ in type from those given by the 1,3-diglycerides. M.p. and 
X-ray data are given in Table 17. 


Table 17. Melting points and x-ray data for 1,2-diglycerides‘*™ 


a-Form B-Form 


Long ‘ 
spacing, A offs ing, Short spacing, A 


Dileurin . 39-2 
Dimyristin . ‘ 44-4 
Dipalmitin . ‘ 49-3 
Distearin . 54-5 


Unsaturated glycerides 

Glycerides containing unsaturated acids exhibit the same type of polymorphism 
as the saturated glycerides, and there are no major differences. Indeed, those 
containing trans unsaturated acids are very closely similar in behaviour and 
structure to glycerides of the corresponding saturated acids. As might be 
expected, however, from the slight irregularity which a cis bond introduces into 
the chain, there are structura! differences in the case of cis-acid compounds. 
This is particularly noticeable with oleo-disaturated triglycerides, which have a 
general tendency to crystallize in triple-ehain-length structures, irrespective of 
the relative lengths of the chains. 


39 


| m vs 
4135 | 39° 34-1 4:31 4-01 3-79 ee 
4-12 54 38-8 4:31 4-06 3-82 
4-10 63-5 43-5 427 4-03 3-76 
4-12 71 48-3 4:27 405 3-81 ai 
= 


3 
o 
fee 

fu. 


— 
— 
— 


— 


(d)e-or — 


Le ‘Oe ‘80-F ‘E-9 
Le “Of 


T] 


‘E9-b 


L8-£ 


69 


eBurovde 


sbuionds Buoy 


4 


12 NOIAVY 
72 AY 


ST 


| 
| 
| 
s 
| | 
| a 
| | 
F | | 
|_| | 
| 
| 
$223 | | 
a 
| 
| | | 
| | 
| 
a a 
| 
| 
40 


Unsaturated Mixed Triglycerides 


Simple triglycerides 

The poiymorphism of simple unsaturated triglycerides has been investigated by 
CaRTER and Maxikry,%® who found three forms for trielaidin and tribrassidin, 
and ‘our forms for trierucin. WHEELER, RIEMENSCHNEIDER, and Sanpo‘5?) 
reported three forms for triolein and two for trilinolein, and the latter result was 
‘ mfirmed later by DavBEerT and BaLtpwrx,'*®) who also found two forms for 
-Tilinolenin. RavicH and ZcvRiNov,) however, have since reported three forms 
for trilinolein. The above investigations were carried out by means of m.p.s and 
couling and heating curves, and only that of CARTER e/ ul. included x-ray results. 
However, in 1947, FeErcuson and Luttox'™ succeeded in obtaining character- 
istic X-ray data for the various forms of triolein. They confirmed the m.p.s 
reported by WHEELER et al., and brought out similarities in x-ray data with the 
results of CaRTER ef al. for trierucin. X-ray and m.p. data are given in Table 18. 

In general, transitions with the above glycerides are more rapid than for the 
corresponding saturated compounds, nence the difficulty in completing the 
above table. It will be noticed that the short spacings of the £-form of triolein 
and trierucin, are identical within experimental error. 


Unsaturated mixed triglycerides 


DavseErtT and CLarKE‘®*) showed by means of cooling and heating curves that 
2-oleo-disaturated glycerides of capric, Jauric, myristic, palmitic, and stearic 
acids, exist in four solid modifications, and this was supported by the work of 
Meara,'®) who found four m.p.s for 2-oleodistearin, isolated from various 
natural fats. Later, Frcer Jr., Sippv, and LONGENECKER') recorded 
X-ray data for certain of the above glycerides, and shortly afterwards Lutron‘®) 


examined 2-oleodistearin thermally and with x-rays, and concluded that only 
three forms exist. In additicr to the difference concerning the number of poly- 
morphs, Lurron’s x-ray results were not in agreement with those of FILER e¢ al., 
and this led MALKIN and WIson to re-examine 2-oleo-dimyristin, -dipalmitin, 
and -distearin. They were able to report excellent agreement with the thermal 
investigations of DaUBERT and CLARKE, whose curves they were able closely to 
reproduce. They also found a further modification, and showed that these 
compounds exist in the following five modifications: vitreous, «, 8’, 6’, f, in 
order of ascending m.p. 

2-Elaido-dipalmitin and -distearin, which were examined at the same time, 
were found to resemble the related 2-stearodipalmitin and tristecrin respectively, 
and to exist in four forms, viz. vitreous, a, 6’, and f. 


Cooling and heating curves 

The curves of Dav BERT and CLaRKE for 2-oleodimyristin reproduced in Figs. 24 
and 25 are typical for the series. They are the normal curves for low melting 
glycerides, showing separation of either the « (AA‘) or the vitreous form (CC’) 
according to the rate of cooling, followed by transitions into other forms, 
according to the time interval before the heating curve is taken. The series is 
very similar to the symmetrical mixed triglycerides of the 2-caprodilaurin 
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series, which is characterized by rapid transitions vitreous + a > f’, e.g. cf. 
Figs. 3 and 25 (very slow cooling). The interpretation of these curves will be 
clear from the earlier discussion on page 3ff. The curves given in Fig. 24 


TEMPERATURE , °C, 


TIME 


Fig. 24. Cooling and heating curves for 2-oleodimyristin (DAUBERT and CLARKE). 


TEMPERATURE, “C, 


TIME 


Figs. 25. Cooling and heating curves for 2-oleodimyristin (DATBERT and CLARKE). 


definitely establish the existence of four forms, yet the upper m.p. (26-5) 
is still two degrees lower than the m.p. of the solvent crystallized material. 
This led MaLkrw and Wuisow to the discovery of the fifth form, the stable 


: Table 19. Melting points of 2-oleo- and 2-elaido-disaiurated glycerides'*®) 

B” 

2.Oleodimyristin 2-0 (2:1) | 11-0(12-3) | 19-0(21-5) | 26-5(26-3) | 28-5 
2-Oleodipalmitin 12-0(12-0) 21-5(20-8) 29-0(30-4) 35-0(35-2) 37-5 
2-Oleodisteerin . «| 23-0(22-3) 29-5(29-8) 37-0(37-0) 41-5(41-6) 43-5 

(37-6) 
2-Elaidodipalmitin ‘ 33-0 42-0 _— 52-5 55-0 
2-Elaidodistearin ‘ 40-0 46-0 —_ 58-0 61-0 
IV III Iz I 

2-Oleodicaprin . -| ¢— 16-4) (— 10-2) (0-6) (6-2) 
2-Olecdilaurin . (— 7:3) (1-4) (11-0) (16-5) 


Values in parentheses are due to DACRERT and CLARSE.'* 


42 


Woy 
20 . 
Le) 
° 
ad 
z 
x 
| 
is 
x’ 
M’ 
| 
| 
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Table 20. X-ray data for 2-oleo- and 2-elaido-disaturated glycerides'*®) 


Form | —=4 A Short epacings, A 


3-928, 4-238 

3-68m, 3-84m, 4-04m, 4-58vs, 5-l7w, 5-43m 
3-58m, 3-87vs, 4-42m, 4-748, 5-2lw 

| 3-88m, 4-l4m, 4-358 

3-7m, 3-8w, 4-Om, 4-56vs, 5-45m 
4-178 

3-58m, 3-88vs, 4-47m, 4-748, 5-22w 
3-85m, 4-llm, 4-328 

3-f6rr, 3-84m, 4-02m, 4-58vs, 
3-8m, 4-188 

3-778, 4-O04w, 4-178, 

4-1l4s 

3-8m, 4-17s 

3-66m, 3-85m, 4-00w, 4-878, 5-3lm 


2-Oleodimyristin* 
2-Mleodimyristin* 

2- Aeodipalmitint 
2.-Jleodipalmitint 
2-Oleodipalmitint 
2-Oleodistearin 
2-Oleodistearin 
2-Oleodistearin 
2-Oleodistearin 
2-Elaidodipalmitint 
2-Elaidodipalmitint 
2-Elaidodistearin . 
2-Elaidodistearin 
2-Elaidodistearin 


> 


WR WHWW® 


WDD 


WWR DW 


8 = strong; vs = very strong; m = moderate; w = weak. 


* a- and £”’-forms unstable at room temperature. 
+ a-form unstable at room tenperature. 


f-form, which is normally only obtained from solvents, since the change f’ > B 
is exceedingly slow. This is true also for other members of this group, and for 
2-oleodistcarin, the change £"’ — f’ is also slow, and only takes place when the 
B''-form is held near its m.p. for a few hours. A heating curve for this compound, 
therefore, shows only one arrest—at the £’’ m.p. M.p. and x-ray data are given 


in Tables 19 and 20. 
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@ MALKIN AND WILSON 
LUTTON 


Fig. 26. Melting points of 2-oleo-disaturated giycerides. 


In a later paper dealing with 2-oleo-dipalmitin and -distearin, LurTron and 
Jackson'®) failed to observe the forms reported by Matrix and WILson and 
recorded widely divergent m.p. and x-ray data. Since, however, their m.p. 
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datz for 2-oleodistearin are greatly different from those of DauBERT and 
CLARKE, MALKIN and Witsoy, and Meara, which are in agreement, and further, 
since they show no relationship to those of the related oleodipalmitin (see 
Fig. 26), some doubts may be expressed concerning the purity of their 
compounds. 

Similar doubts arise concerning the results reported in an X-ray study for 
further oleo-disaturated glycerides, by Lutron,‘*® m.p. data for which are 
given in Table 21. 


Table 21. 2-Oleo-disaturated glycerides 


| 
POP | POS | SOS 
Alpha-2 . -| 18-1 | ‘ | 18-2 | Alpha-3 . -| 22-4 
Sub-beta prime-2 .| 26-5 | Beta prime-2 . | Beta prime-3 . -| 35 
Beta prime-2 . .| 33-5 | Beta prime-3 . .| 33 Sub-beta-3 ° -| 36-2 
Beta-3 | Beta-3 . . 38 |Betad . . 443 
| 


1-Olec-disaturated glycerides 


OPP OPS | OSP | OsS 
| | | | 
Alpha-3 . 18-5 | Alpha-2 - 25-3 Sub-alpha-2 26-3 | Alpha-3 30-4 
Beta prime-3 35-2 | Sub-beta- | Reta priime-2 40-2 | Beta prime-3 | 43-5 


| Beta prime-3 .| 39-8 


3 
Beta prime-3 .| 49 | 


It is not easy to see why the m.p.s of the «-forms of the isomeric SOS and 
OSS differ by so much, whereas those of the related isomers POP and OPP are 
the same, nor is it clear why the x-m.p.s of POS, OPS, and OSP also differ 


Table 22 


| I | | 1v 

| | 
SSO | — | 26-7 
PPO .| 455 — | 29-8 18-5 
MMO .| 25-0 | 22-7 | 18-6 3-8 
LLO.. .| 16-0 | +8 | —10-0 — 15-5 
cco... .| 40 | —25 | —150 | —27-0 
soo. .| 3-5 | — | 8-6 —15 
POO | 190} — | 25 | —132 
MOO | 135 | — | —42 | —218 
LOO 65 | — | —109 | —220 
coo. — | —165 — 40-5 
CyOO . —5-6 | -- — 50-0 
CoOO | | — —342 | —56-5 


Co = caproic; Cy = caprytic; C = capric; L = laurie, ete. 
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1-Mono- and 1,3-Di-glycerides 


greatly. Asa rule, isomerism of this type results in a difference of only 2 or 3°. 
It is also extremely unlikely that any member of this group exists in only two 
forms, aad it is clear that this group should be submitted to a thorough irvesti- 
gatior of covling and heating curves before x-ray data are allocated to the 
various forms. 

“{.p. data for a number of triglycerides containing the oleic radical, deter- 
m.ned by DavBERT and CLaRKE'®” are given in Table 22. These authors did 
not carry out any X-ray investigation, and therefore denoted the different forms 
by I, H, III, end IV. 


1-fono- and 1,3-di-glycerides 


1-Monoglycerides—The upper and lower curves in Fig. 16, p. 30, are practically 
identical in form with those of 1-monobrassidin and 1-monoerucin, respectively. 
In the case of the latter, the transitions vitreous > a, a £’, 8’ > 6 take 
place at room temperature, and according to the duration of the cooling curve, 
arrests for «- and §’-forms may or may not appear on the heating curves. The 
slowest transition is the £’ ~ # and an arrest at the f-m.p. is not observed 
unless the curves are taken slowly. 

1-Monoolein can occasionally be obtained in a form which gives a uniaxial 
interference figure. 

],3-Diglycerides—Cooling and heating curves are similar to those given in 
Fig. 21 for dileurin except that the arrest at the f-m.p. is slight, or more usually, 
absent. The transition 8’ +f is particularly slow and f-forms are best 
obtained by very slow crystallization from solvents. 

X-ray and m.p. data are given in Table 23. 


Glycerides of chaulmoogric and hydrocarpic acids 
Gupta and Makin‘! have recently examined the l1-mono, 1,3-di-, and tri- 
glycerides of the above acids and nd that they exhibit the same type of 
polymorphism as the glycerides of straight chain fatty acids. Their results are 
summarized in Table 24. 


The first form to separate from the melt is the «-form which changes slowly, at 
room temperature, into the ’-form. When the experiment starts with the molten 
glyceride, these are the only forms observed. The high-melting f-form is 
obtained by slow crystallization from solvents, and it is not easy to obtain it 
entirely free trom #’-form. In contrast to the monoglycerides of straight-chain 
fatty acids, whose long spacings for f’- and f-forms are identical, the long 
spacings of the two forms are quite distinct, and correspond to tilts of 31° for 
the £-form and 44° for the f’-form. «-Forms, before changing to the f-form, 
pass quickly into an intermediate phase, the short spacings of which are the 
same as those given by saturated 1-monogiycerides, i.e. a strong line at 4-2 A, 
associated with a few weaker lines close on either side. 
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The Polymorphism of Glycerides 


1,3- Diglycerides 

These differ from most other diglycerides in crystallizing in large flakes, very 
similar in appearance to straight-chain fatty acids. Under the microscope, 
betvreen crossed nicols, they exhibit a striking spherulite formation. Three 
distinct forms can be detected by the capillary melting-point methods, viz. a, 
p’, and £, but the changes « ~ f’ — £ are so rapid that only the «- and the 
B-forms are observed on the cooling and heating curves. When the molten 
glyceride is cooled in a capillary, there is solidification at the «-m.p. and, if the 
temperature is raised when only a small portion has solidified, remelting occurs 
at the same temperature. It is not easy, however, to avoid transition to the 
B’- and even to the 8-form, and some repetition is usually necessary to observe 
the m.p.s of the «- and the #’-forms. x-ray data could be determined only for 
the stable £-form, and the allocation of the a-structure to the lowest-melting 
form is based on analcgy. From the long spacings, the tilt of the chains is found 
to be = 50°. 


Triglycerides 

Starting with the molten glyccrides, both capillary m.p.s and cooling and heating 
curves show the existence of vitreous, x- and #’-forms. The §-form can be 
obtained only by slew crystallization from non-polar solvents, or by holding the — 
f’-form near its m.p. for some hours.- Crystallization from ethanol or acetone 
usually gives the £’-form. Cooling curves (cooling jacket from 0° to room tem- 
perature) fall to the vitreous m.p. and then rise to the z-m.p. and, if the heating 
curve is taken when the curve again begins to fail, there is a single arrest at the 
8’-m.p. Thus, the change « — #’ is moderately rapid. Within experimental 
error, the long spaeings of the £’- and the )-forms are identical, but the two 
forms are distinguished by their short spacings. Both triglycerides exhibit 
typical spherulite formation. 
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AUTOXIDATION OF FATS AND RELATED 
SUBSTANCES 


Ralph T. Holman 


INTRODUCTION 


SINCE antiquity, rancidity has been recognized as a problem in the storage of 
fats. Prolonged exposure of edible fats and oils to air, heat, and light eventually 
results in the development of unpleasant odours and flavours, rendering the 
fatty substance unpalatable and even toxic. The protection of foods against 
rancidity has remained an art until recent times, when systematic efforts have 
been made to discover the nature and causes of rancidity. 

Chemical changes of several types contribute to what is known by the generic 
term rancidity. In its broadest meaning, rancidity denotes a deterioration of 
flavour and odour of fat or the fatty portions of foods. Such deterioration can 
be due to hydrolysis, oxidation, or to microbia! action. The term rancidity is 
used in the dairy field to indicate hydrolytic deterioration; in other fields it 
denotes microbial deterioration, and to the fat chemist it means autoxidation. 
Only this latter type will be discussed here. For a discussion of other types of 
rancidity the reader is referred to a book by Lza.” 

Autoxidative rancidity of fats is caused primarily by the attack of oxygen 
upon unsaturated constituents. The rate of uptake of oxygen by a fatty 
substance increases with the degree of unsaturation of the substance, and the 
mechanisms of oxidation for the various types of fatty acids are different. This 
chapter will concern itself with the mechanisms of autoxidative attack on fats 
and fatty acids, detection of oxidized products, and the effects of such oxidation 
upon the biological value of the fats. The mechanisms cf oxidation in edible and 
drying oils are similar in the preliminary states, and will be treated together 
here, but the polymerization at advanced states of oxidation in drying oils will 
be treated in another chapter. 

It is interesting to note that many of the facts concerning autoxidation were 
recognized as early as 1827 when Berzexrvs") described an experiment illus- 
trating induction period, oxygen uptake, CO, formation, and polymerization: 


Among the changes which oils undergo, they take up oxygen from the air in amounts 
several times their volume. Dre Saussure reports that a layer of walnut oil which he 
left over mercury under oxygen took up three times its volume in 8 months, whereafter 
a more vigorous absorption began, so that within ten days it had taken up 60 times its 
volume, later diminishing and stopping after 3 months when the oil had absorbed 145 
volumes of oxygen. The stronger absorption began at the beginning of Augvst, in which 
there was a higher room temperature. No water was formed, but 21-9 times the oil’s 
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Autoxidation of Fats and Related Substances 


volume of carbon dioxide was produced, the oil changed in an anomalous way, changed 
to a gelatinous mass and no longer gave an oil spot on paper. Walnut oil belongs to the 
drying oils. We have a corresponding example in the elevated temperature which 
develops when wool is lubricated with linseed oil, also belonging to the drying cils. If 
left in a heap, it often ignites itself, and in that manner it has destroyed many textile 
mills. Surely such a rapid absorption of oxygen is the cause of the elevated temperature. 


Even now, in a field as large, as immature, and as controversial as this one, 
brief treatment as desired here can only include trends of thinking and some 
supporting evidences. Some trends of thought on autoxidation theory are 
supported by limited evidence, and are based largely upon the theory of organic 
chemistry. The theories discussed and mechanisms presented should be recog- 
nized as in a state of development, and should not be considered as fact. They 
are presented to stimulate discussion and investigation. 


MECHANISM OF AUTOXIDATION 


Saturated compounds 


Although it is generally recognized that the main problem of autoxidation of 
fats lies in the oxidation of their component unsaturated fatty acids, it has been 
demonstrated that saturated fatty acids do undergo a slow autoxidation, per- 
ceptible at elevated temperatures. The autoxidation of saturated hydrocarbons 
has been of considerable importance in lubrication problems, and information 
gained in numerous such studies is probably applicable to saturated fatty acids. 
At temperatures above 100°C, saturated normal hydrocarbons are subject +o 
autoxidation. The attack is predominantly at a #-carbon and the primary 
oxidation product is postulated to be a hydroperoxide. Decomposition of the 
hydroperoxide can proceed by dehydration to yield a ketone, by reduction to 
yield an alcohol, or by further oxidation leading to rupture of the carbon chain. 
These mechanisms are as follows: 


H H OOH 
| | | 
CH,(CH,)n—C-—C—H —> 


H H H 


CH,(CH,),COCH, + H,O OH 
| 
O, 0 


CH,(CH,),COOH + HCHO H 


Attack can also be made at other carbon atoms, giving rise to other species of 
compounds. The aldehydes, ketones, and acids among the reaction products are 
subject to further oxidation and polymerization. As an example giving some 
conception of the rate of these oxidations, cetane absorbs approximately 
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0-002 mol oxygen per hour at 110°.) There is a slight increase in rate of oxida- 
tion with increased chain length. Branched and normaz! paraffins show similar 
autoxidation curves, having typical induction peiiods. The reaction is auto- 
catalytic and is subject to acceleration by metallic ions and to inhibition by 
either .netal-binding compounds or by antioxidants. The reaction is believed to 
be a chain reaction. At 100° the oxidation of methy] stearate is one-eleventh as 
fa t as that of methyl oleate. With saturated fatty acids, increased chain 
length increases susceptibility to autoxidation.‘® 

In a study of the oxidation of saturated acids in the presence of 0-1% KMnO, 
at 150°, it was found that lauric acid underwent no change, whereas stearic acid 
was decomposed to yield lower fatty acids, hydroxy compounds, and lactones.‘”) 
Ethyl] palmitate and ethyl caprate blown with air at 120° in the presence of 1% 
nickel phthalocyanine lost a small amount of weight and the exhaust air con- 
tained lower acids.'®? The residues contained lower acids and the refractive 
indices increased as the result of oxidation. Sodium or potassium soaps of fatty 
acids also act as catalysts for the oxidation of long chain acids." Because the 
principal products of oxidation are oxalic acid and fatty acids of shorter chain 
length having even numbers of carbon atoms, the major attack appears to be 
by f-oxidation. However, the isolation of small amounts of latcones indicates 
some 7’- and 6-oxidation. It is interesting to observe that 8-oxidation, which is 
the predominant mechanism of metabolism of savurated acids, is also a chief 
mechanism of their autoxidation, whereas primary oxidation of poly-unsaturated 
acids proceeds by another mechanism, whether the oxidation is metabolic or 
autoxidative. For both types of acids, the similarity between metabolism and 
in vitro autoxidation is striking. 


Monoethenoid compounds 


The study of autoxidation of unsaturated compounds has a voluminous litera- 
ture, and for a more detailed appraisal of the older literature the reader is 
referred to many reviews.‘ 0-16) 

The autoxidation of monoethencic fatty acids such as oleic acid, although 
autocatalytic, is relatively slow at ordinary temperatures, and catalysts, radia- 
tion, aud elevated temperatures have been used to produce reasonabie rates of 
oxidation for study. The rates of oxidation of oleic acid and ethyl] oleate, for 
example, are respectively about 0-08 and 0-04 mol oxygen per mole substrate per 
100 hr at 37° without catalyst.” 

The older theories of fat oxidation involved the formation of a four-membered 
ring peroxide, or moloxide, as the primary reaction product: 


O | | 
—CH=CH— —> —CH—CH— 


This reaction mechanism had its basis primarily in rather crude experiments in 
which the resuits indicated a decrease in total unsatvration concurrent with an 
increase in peroxide value during oxidation. In spite of considerable more 
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carefully gathered evidence to the contrary, and although a ring peroxide has 
_ never been isolated from the oxidation products of unsaturated compounds, 

this mechanism has persisted and appears in modern texts and reference works 
as the primary mechanism of autoxidation. — 

Recent reports, although not discarding this as a possible mechanism, have 
brought forth strong evidences for the existence of another type of peroxide, a 
hydroperoxide, in which the original double bonds remain. Current thought on 
the mechanism of autoxidation of monoethenoid compounds is a fusion of the 
older theory of attack at the double bond and the newer concept of attack at the 
a-methylenic carbons (those adjacent to carbons involved in the double bonds). 

The early studies of reaction mechanism concentrated on isolation of reaction 
products. Oleic acid oxidized at 100-120° was found by SKELLoN"®) to yield 
two 9,10-dihydroxy stearic acids, a monohydroxy stearic acid, and numerous 
compounds arising from chain scission. In studies by Ex.is,"*). ‘> oxidation of 
oleic and elaidic acids was allowed to proceed until 1 to 3 mol of oxygen had been 
absorbed at 55-S0° with cobaltous elaidate catalyst. Epoxide formed at least 
20% of the product when catalyst was used. This was taken as evidence of 
oxygen attack at the double bond. Scission products ineluded nonanoic, 
octanoic, suberic, azelaic, and oxalic acids in addition to carbon dioxide and 
water. Peroxide was a minor product. These results were confirmed in the main 
by DEaTHERAGE and Marrii'*” who found oxido derivatives to be the chief 
autoxidation products. The oxido-stearic acid formed by autoxidation of oleic 
acid appeared as half esters of dihydroxystearic acid and corresponded to the 
high melting dihydroxystearic acid isomer. In a study by Swern et al.,'??) 
molecular distillation was used to fractionate products, and the product was 
found to contain polymers of approximate molecular weight 1700. 

The oxidation of mono-unsaturated compounds is accompanied by changes in 
the ultraviolet spectrum."*) As tne oxidation proceeds, the light absorption 
increases in the regions near 2350 A and 2700 A, and the chromophore absorbing 
at the latter wavelength is alkali labile. Ketols, «-dicarbonyls, dihydroxy or 
epoxy compounds do not account for the spectral changes. It has been suggested 
that the light absorption is due to conjugated unsaturated ketones. 

When oxidation was conducted at the relatively low temperature of 37° with 
a cobalt catalyst, FRANKE and JERCHEL'*) found less than half of the oxygen in 
the form of peroxide. At 35° under ultraviolet light and oxygen, the oxidation 
can be speeded up to 0-1 mol oxygen per mole oleate in 5 hr, at which time all 
oxygen is present as peroxide. FaRMER and Sutton,'*) using this techniaue, 
isolated nearly pure methyl hydroperoxido-octadecenoate by molecular distilla- 
tion. Catalytic hydrogenation yielded a mixture of monohydroxy stearates, 
whereas aluminium amalgam reduction yielded a mixture of unsaturated 
hydroxystearates, thus demonstrating the presence of the double bond in the 
peroxide. Swirrt et al.'°® have confirmed this work by the isolation of 90% pure 
methyl hydroperoxido oleate by low temperature crystallization of oxidized 
methyl oleate. Oxidation of methyl elaidate under similar conditions also yields 
hydroperoxide preducts.*” 
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The older theory in which a four-member ring peroxide is the primary oxida- 
tion product has been largely supplanted in recent years by a theory of autoxi- 
dation developed in England.‘?®. ) Autoxidation of all unsaturated substances 
procee’s by.a free radical mechanism in which the primary point of attack is the 
a-mnethylene group. The oxidation proceeds by a chain reaction initiated by 

> rer oval of a hydrogen atom from aa alpha-methylene group 


HH H 
| | | 
Reactant + 


The postulated free radicals should exist as resonance hybrids, and the oxygen 
could thus attack at the 8, 9, 10, or 11 positions giving rise to four isomeric 
hydroperoxides. 

Ross et al.) examined by chemical means the hydroperoxides resulting from 
oleate oxidation under ultraviolet irradiation and concluded that substitution 
had occurred at ail four positions. In a study of autoxidation of methyl stearo- 
late, oleate, and 9,10-dideutero-oleate Kaw ef al.'*!) found fundamental differ- 
ences between autoxidation of acetylenic and olefinic linkages. They demon- 
strated that some of the hydrogen arising during the oxidation came from the 
olefinic hydrogen, and eame to the conclusion that oxidative attack is initiated 
at the double bond and then subsequently at alpha-methylenic positions. Max 
and DEaTHERAGE*) found that oxidation of 8, 8, 11, 11-tetradeutero-cis-9- 
octadecene proceeds one-fifth as rapidly as that of cis-9-octadecene, indicating 
the importance of oxidative attachment at the «-methylenic positions in sustain- 
ing the reaction. The low deuterium content of the water indicated that it is not 
formed by decomposition of the a-hydroperoxides. 

From examination of the isolated hydroperoxide, Swirt ef al."® concluded 
that it was chiefly § and 11 hydroperoxido-octadecenoate. Hydroperoxide was 
found to oxidize oleic acid at 90° to yield epoxides and the low melting form of 
9,10-dihydroxy stearic acid.‘ Such a reaction between oleate and its primary 
oxidation product could be a factor in the reduction in total iodine value observed 
in autoxidizing fats and the formation of epoxides and dihydroxy stearates, 
formation of which is often taken as evidence of double bone attack. Deeom- 
position of methyl hydroperoxido-oleate proceeds by scission to yield «,f- 
unsaturated carbonyl compounds, among which 2-undecenal has been shown to 
occar, 


0, 
> H HH H HH 

Product —C—C=C—- —C—C= 

H 
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Hitpitcx*) has proposed the addition of oxygen directly to the double bond 
as the primary step followed by a rearrangement to give a hydroperoxide. This 
mechanism, 


0, 
—CH,CH=CH— —CH—cH—CH— —+ —CH=CH—CH 
| 
HOO 


would-lead to 9 and 10 hydroperoxides but no 8- or 11-isomers, such as reported 
_ by ather workers. However, possibility exists that the mechanism of addition 

‘to the double bond yields radicals which then propagate the reaction through 
a-methylene attack. 
—CH,_CH=CH + 0,—————> —CH,—CH—CH— Radical 

formation 
O00: 

—CH,—CH—CH— + —CH,CH=CH— 


| 
bo: | 
a-methylenic 
—CH,—CH—CH-— + —CH—CH=CH— radical 


| 
OOH 
Another mechanism has been proposed to account for the loss of double bonds 
in autoxidation at high temperatures’) based upon observations that hydro- 


peroxides undergo thermal decomposition yielding hydroxyl radicals which 
apparently add to double bonds. 


HHH HHH 


Radical formation: —C—C=C— —> —C—C=C— + -OH 


box 
Attack on double bond: -*OH + —CH=CH— —~> —CH—CH— 
bu 
Further oxidation: —CH—CH— +0, —CH—CH— 
bu OH 
a-methylene attack: —CH—CH— + —CH,—CH=CH— 
bu do: 
—CH—CH— —CH—CH=CH— 
but box 
The peroxide formed by the latter reaction and that formed by subsequent 
reaction of the last free radical with oxygen could then presumably both yield 
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hydroxyl radicals to propagate the chain. Epoxides and glycols could be ex- 
_—— by chain stopping addition of the two radicals: 


—CH—CH— + -OH > —CH—CH— + H,0 
H bu H 


Subsequent oxidation of these compounds could lead to rupture of the carbon 
chain. 

Autoxidation of a terminal double bond may involve a different mechanism. 
10,1l-undecylenic acid oxidized at 80° by air yields sebacie acid as chief 
product, but some 10,1l-dihydroxy hendecanoic acid and polymers are 
formed. 

The favoured mechanism of autoxidation of oleate dominant at ordinary 
temperatures in the initial stages of oxidation can be represented as on p. 57. 
This mechanism is probably supplanted by other mechanisms involving attack 
at the double bond at later stages of the oxidation, at higher temperatures and 
in the presence of catalyst. These conditions are conducive to peroxide decom- 
position, and the hydroxy] radicals formed alter the course of the oxidation to 
one in which the dominant attack is at the double bond. 

Recently it has been demonstrated by infrared observations that in the early 
stages of autoxidation of methyl oleate under ultraviolet light, peroxide furma- 
tion is accompanied by the appearance of trans double bonds in an amount 
approximately 90% of the peroxide formed.*”) Among the possible mechanisms 
for this isomerization, the following mechanism was given. In the free radical 
formed, the atoms probably lie in a plane providing maximum resonance energy. 
The radical could then have two isomeric forms: 


Addition of oxygen to carbon 1 of either I or II or carbon 3 of I would yield a 
cis hydroperoxide. Infrared observations suggest that most of the radicals 
assume the configuration II and add oxygen to carbon 3 yielding a mixture of 
trans-octadecenoates. 

Much of the confusion concerning which is the primary oxidation product can 
be explained by the results of an analytical study of oleate oxidation by KNicHT 
a@ al.°%) Their results (Fig. 1) show striking differences in the course of the 
reaction at different temperatures. Samples taken for analysis at different 
stages of oxidation would likewise lead to differing conclusions concerning the 
main products. 
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The results of this latter investigation and the previously-mentioned studies 
serve to demonstrate the complexity of the autoxidation reactiors. It appears 
certain that numerous reactions take place in the process of autoxidation, and 
that th~ individual reactions are affected differently by temperature, catalyst, 
and other factors. 
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Fig. 1. Relaticaship of oxygen-containiug functional groups in methy] oleate auioxidized 
at 35° and 100° (from Kyicxt 


Nonconjugated polyethenoid compounds 
The rate of oxidation of methylene-interrupted poly-unsaturated systems is 
much higher than that of monoethenoic systems because of the activation of a 
methylene group by two adjacent double bands. This double activation results 
in oxidation rates twenty to forty times as great as in singly unsaturated com- 
pounds, making the polyethenoic acids the main source of oxidative rancidity 
problems. 

Early work on autoxidation involved observations on changes in iodine value, 
peroxide number, refractive index, acid value, etc., which did provide sufficient 
information to develop a thecry of autoxidation that has been held almost to the 
present. The observation that as oils are oxidized, their iodine values decrease, 
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was strong evidence for a mechanism in which double bond attack was the main 
feature. The conception of the ring peroxides or moloxides, 


O —O 
—CH—CH— 
has persisted in spite of much evidence for the methylene attack and hydro- 
peroxide formation. The reduction in iodine value in the early observations was 
due to several factors: (1) Drastic oxidation does reduce iodine value by com- 


\ 


2200 2600 3000 
A 


Fig. 2. Effect of oxidation upon ultraviolet spectrum of ethyl linoleate. (1) Pure ethyl 
linoleate. (2) After 1-6°4 oxygen uptake. (3) Afier 4-5°4 oxygen absorption. (4) After 
chromatographic removal of oxygenated fraction (from BoLLanp and Kocx).'** 


plex side reactions and chain scission; (2) The conjugation produced during 
autoxidation of poly-unsaturated systems reduces apparent iodine value 
measured by conventional procedures because halogen does not add to conju- 
gated systems as readily as to non-conjugated systems; (3) Iodine value mea- 
surements are low in the presence of oxidized fats, possibly because of steric 
hindrance to halogen addition. 

It was not until 1943 when workers in the British Rubber Producers Research 
Association ohserved the conjugation of double bonds in autoxidizing fish-oil 
acids that the current theory of autoxidation began to develop.“ When oils 
containing linoleate or more highly unsaturated systems are autoxidized, the 
diene conjugation as measured by ultraviolet light absorption at 2340 A in- 
creases parallel with oxygen uptake and peroxide formation in the early stages 
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of oxidation. The spectra of fresh and oxidized linoleate are shown in Fig. 2. 
That this light absorption is not due to the peroxide structure has been shown in 
an experiment in which thermal decomposition of peroxide did not diminish the 
light a sorption.‘ 

The spectra] changes occurring in autoxidizing fatty materials have been 
inc pendenily observed by several investigators'*’, ‘4! and have been studied 
in considerable detail. The spectral changes accompanying oxidation are 
qualitatively similar for fatty acids containing two or more double bonds inter- 
rupted by methylene groups. Oxidized linoleate has a principal absorption at 
2300-2360 A, due to diene conjugation, and a secondary smooth absorption 
maximum at 2600-2800 A, probably due to small amounts of unsaturated 
ketones. The principal band is the same for linoleate, linolenate, and arachi- 
dorate, but the greater the degree of unsaturation, the lower the diene conjuga- 
tion absorption per mole of absorbed oxygen. Conversely, the more unsaturated 
the fatty ester, the greater the light absorption caused by secondary reaction 
products. The light absorption in the longer wavelength range is considerably 
increased in alkaline solution.‘ This spectra] shift is diphasic, consisting of an 
immediate reversible increase followed by a slow irreversible shift, suggesting 
enolization and condensation."*”? This intensification of colour (end absorption 
of chromophores absorbing in the ultraviolet region) is often encountered when 
rancid oils are saponified. Fresh oils and pure fatty acid preparations show no 
such spectral shift in alkali, nor do pure conjugated polyenes, indicating the 
dependence of this phenomenon upon oxygen-containing products. The spectral 
shift in alkal has been used with some success by HENDRICKSON ef al. in dis- 
covering past oxidative treatment of drying oils.‘® 

The group of investigators at the British Rubber Producers Association is 
largely responsible for developing the current theory of the mechanism of 
oxidation of poly-unsaturated substances. The numerous papers by FaRMer. 
BotLanD, GEE, BaTEMAN, SutTTon, and Orr on the kinetic theory and 
supporting chemical and physical evidences have been the chief contributions in 
evolving the modern concept of fat oxidation.'*. (#0), (51-60) 

The mechanism of reaction originally proposed by BoLLaxpD and Kocu? is on 
p. 62. The molecular extinction coefficient for linoleate hydroperoxide has been 
calculated from the light absorption and oxygen content of oxidizing linoleates 
during the initial stazes of the oxidation. The highest value is 22,700 reported 
by Bottanp and Kocu. This value is about 70% of the mclar extinction 
coefficient of conjugated linoleic acid, and this was taken as supporting evidence 
for the concept of the random attack of oxygen on the free radical formed from 
linoleate, giving rise to products, two-thirds of which were conjugated diene 
hydroperoxide. However, Bercstr6M has chromatographed the hydrogenated 
products of linoleate oxidation and has isolated and identified 9- and 13-hydroxy- 
stearates.“4® He was unable to detect any 11-isomer such as would be produced 
if oxygen had attacked the resonance hybrid randomly. These results do not 
conclusively exclude the 11-hydroperoxide as a product of oxidation of linoleate, 
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—_CH=CH—CH,—CH=CH— abstraction of a hydrogen atom 


—H: 
—CH=CH—CH—CH=CH— 


—CH—CH=CH—CH=CH— resonance hybrid free radical, 


—CH=CH—CH=CH—CH— 
+ 0, 


+ 
—CH=CH—CH—CH=CH 


| 
00- 


—CH=CH—CH=CH—CH— 
| three possible peroxy radicals 
OO- 


—CH—CH=CH—CH=CH— 


bo. 


+H 
addition of hydrogen atom 
abstracted from another 


—CH=CH—CH—CH=cH— linoleate molecule 


box 
three possible hydroperoxide pro- 
—CH=CH—CH=CH—CH— ducts, two of which are conjugated 


bou 


X. —CH—CH=CH—CH=CH— 


OOH 


because under the conditions of hydrogenation, rearrangement of the non- 
conjugated isomer to conjugated isomers could take place. 

Aside from Bercstr6m's chetical evidence, only thermodynamic evidence 
has argued for the formation of conjugated hydroperoxide in more than random 
amounts.“)* The resonance energies associated with the radical systems 


* Recently KHay, LuNpBERG and Hotman have obtained chromatographic evidence to support 
Bercstr6m'®°9), Methyl linoleate was oxidized either by autoxidation in the dark at — 10°, under 
visible or ultraviolet light, or in the presence of copper catalyst. Tho peroxides developed were 
segregated by countercurrent extraction and then reduced by stannous chloride. These hydroxy- 
linoleates were then separated by displacement chromatography. In the above-mentioned examples 
the products consisted almost entirely of conjugated compounds, but in the case where oxidation was 
stimulated by chlorophyll and irradiation a non-conjugated product was isolated. These observa- 
tions sugyest strongly that the conjugation observea was not induced by the reduction, and that 
autoxidation results largely in conjugated products. 
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R—CH=CH—CH—CH=CH—R and R—CH=CH—CH—R have been calcu- 
lated by BoLLanp and Orz‘**) and are estimated to be 30-5 and 18-7 kcal per 
g mol respectively. Thus the formation of the unconjugated type radical is mach 
less ¢ ‘obable than the conjugated type. Bottanp‘” states that “although the 
position into which substituents (e.g. —OOH) are introduced into the radical by 
s’ 2ceeding reaction processes may well be affected by other factors, it is probably 
c. significance that the formation of products of the type {IX) and (X) will be 
favoured at the expense of (VIII) by resonance energy (ca. 7 kcal per g mol) 
associated with their conjugated structure.” Moreover, BoLLanp points out 
that from thermodynamical] considerations the probability of oxidative attack 
on linoleate hydroperoxide leading to diperoxides is small in the early stages of 
oxidation. 

A resonating radical] cannot be described adequately by graphic means. The 
three structures, II, III, and IV, represent the two extremes and a median 
structure which exist only for infinitesimal periods of time. The true structure of 
the radical would be represented by the statistical distribution of electron 
densities about the five carbon atoms involved. In this system the resonance is 
such that higher electron densities occur at the ends of the system a large pro- 
portion of the time. Thus when this radical is attacked by another radical or 
oxygen the probability that the addition occurs at the end of the system is 
higher than would be expected by random attack. Thus the hydroperoxide 
formed in iinoleate oxidation would be greater than two-thirds and Jess than 
completely conjugated. The extent of conjugation occurring during linoleate 
oxidation is nuw the subject of active research. 

Much of the uncertainty regarding the true extent of conjugation produced 
arises from lack of proper standards of comparison. The estimates in the 
literature are based upon comparison with trans, trans 10,12-octadecadienoic 
acid which has a molar extinction coefficient of about 32,000. However, the 
effect of the peroxide grcup in the molecule, and the effect of cis trans isomerism 
were not taken into consideration in making these comparisons. 

Recent infrared spectral studies on the cis trans isomers of linoleic acid, 
reviewed by WHEELER in another chapter in this volume, indicate that the 
conjugated linoleate hydroperoxide is not trans, trans and that estimates of the 
degree of conjugation present in the product must be revised upward. Recent 
studies of conjugated linoleate isomers obtained by alkali isomerization of 
linoleate indicate that these isomers have lower extinction coefficients at 2320 A 
than the better known trans, trans isomers.'®, ©) Privett ef al.'*) have 
recently studied the infrared spectra of linoleate hydroperoxide preparations of 
very high purity and have found that tue product is at least 90% conjugated 
and that it. consists largely of cis, trans isomers. ‘he degree of conjugation 
calculated from ultraviolet absorption of the peroxide and known conjugated 
cis, trans linoleate also indicated at least 90% conjugation. These high degrees 
of conjugated cis, trans hydroperoxide were found only in preparations oxidized 
near 0°C. Oxidation at 24°C yielded peroxide eencentrates in which appreciable 
amounts of conjugated trans, trans forms existed. The authors suggested that 
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conjugated cis, trans isomers were inilially formed and that the thermodynzmic- 
ally more stable conjugated trans, trans isomers arose from them through some 
catalysis, possible by peroxides. 

In the light of the feregoing observations, the simplified mechanism on p. 65 
for the main course of linoleate autoxidation is offered. : 

Linoleate, I, loses a hydrogen atom to some radical and becomes a free radical 
II. This free radical is a rescnance hybrid, the two extreme forms of which are 
shown as III. Oxygen adds to the resonating radical, predominantly at the endc 
of the resonating system to yield two types of hydroperoxy radicals, IV. These 
radicals accept hydrogen atoms from other linoleate molecules to become iso- 
meric conjugated cis, trans hydroperoxides, and in so doing perpetuate the cycle. 
Other reactions which occur to a limited extent under ideal conditions should be 
mentioned: (1) Oxygen may add to the intermediate form of the free radical IT 
to yield nor-conjugated peroxides. 


H 
\ \ 7 +H: 
Cc: Cc Cc 
C=C C=C C=C C=C = C=C 
H HH H H HH H H HH H 


(2) The conjugated cis, trans linoleate peroxide may be isomerized to a trans, 
trans form: 


(3) Polymers may he formed by addition of radicals II, III, IV with each other: 


ROO: + ROOR 
R-+R —+R—R 


The cyclic or chain nature of the reaction is well established. The entire 
mechanism, however, involves three types of reactions: chain initiation, chain 
propagation, and chain stopping reactions. The reaction chain can be initiated 
by the attack of any free radical upon linoleate. The most probable radicals to 
initiate chains are those formed by decomposition of a peroxide. It was formerly 
believed that peroxide was not required for ehain starting. for BonLaxp had 
shown that ethyl linoleate had a low but measurable rate of oxidation at 0% 
oxidation.“ However, Lunprera al.(47) demonstrated that highly purified 
linoleate had a long induction period, that is, it had no measurable oxidation 
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vate for several hours after exposure to oxygen. BaTEMAN has recently com- 
municated privately that the rate of oxidation at zero degree of oxidation is 
apparently zero. The first chain must thus be initiated hy some nonperoxidic 
free radical or by stray radiation. Parallel oxidation chains are initiated by 
radicals formed by decomposition of hydroperoxide. The higher the concentra- 
tion of peroxide the more rapid is its rate of decomposition.'*’ Thus as the 
oxidation proceeds it generates its own catalyst. Hence the autocatalytic nature 
of the reaction. The reaction chains can be stopped by collision of two radicals, 


for example: 
R-+R- 
R- + ROO- > ROOK 
ROO- + ROO- + ROOR + O, 


If the radicals attack molecules of other substance present, products may be 
formed which do not decompose to ferm radicals and are thus incapable of 
propagating the reaction chain. Such other substances are thus antioxidants 
(vide infra). For more detailed discussions of the kinetics of oxidation, see the 
papers of BOLLAND ef al.‘#), (51), (52), (35), (57), (6) and Warers.'®) The reader is 
also referred to the work of Hitpitcx'*® whose conception of the reaction 
mechanism is not in agreement with that presented here, and to Grsson who 
presents the mechanism of oxidation in-a rather unique manner.'‘*? 


Conjugated polyethenoid compounds 
Although the conjugated fatty acids present in tung cil, oiticica oil, and dehy- 
drated castor oil are of great importance in compounding protective coatings, 
the oxidation or these substances has received less study than that of the non- 
conjugated fatty acids. The mechanism of oxidation of these substances is 
considerably different from that of the non-conjugated isomers, and the products 
of the reaction are also different. __ 

Much of the pioneering in this area was done by MoRRcLL and his co-workers 
who studied the oxidation of eleostearate and its maleic anhydride ad- 
ducts.'®8), (6) and CLaxTon'” made a thorough study of the physical 
and chemical changes occurring during the course of the oxidation of methyl and 
glycol esters of f-eleostearic acid at elevated temperatures. Their results 
indicated increased molecular weight, saponification number, acid number, and 
specific gravity during the course of the reaction, accompanied by decreased 
refractive index, iodine number and pH. They concluded that oxygen-contain- 
ing polymers were formed and that scission products contributed to the polymer. 
They also found evidence for ketol and enol groups in the oxidized product. 
Braver and STeEaDMAN‘*” studied the course of oxidation of f-eleostearic acid 
by means of spectrophotometric measurements. They observed that the light 
absorption in the 2600-2800 A region due to conjugated triene, decreased as the 
oxidation proceeded and that absorption due to conjugated diene increased. 
This has been found to be true aiso for pseudoeleostearic acid, a-eleostearic, and 
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B-licanic acid.” Fig. 3 shows the changes that occur during oxidation of 
pseudoeleostearic acid (10,12,14-octadecatrienoic acid). 

The action of alkali upon oxidized conjugated trienes causes strong increases 
in absorption in the longer wavelengths suggesting the presence of enolizable 
substances in the oxidized mixture. 

\LLEN, Jackson, and Kunmmerow'*) compared the oxidation of 9,12 and 
1( ,12 methy] linoleate and found that in the early stages of oxidation of 9,12 
linoleate, all the oxygen absorbed was found as peroxide, whereas in the oxida- 
tion of the conjugated isomer, no peroxide accumulated in the first. stages of the 
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Fig. 3. Effsot of oxidation cn ultraviolet absorption spectrum of pseudoeleostearic acid. 
' (1) Fresh pseudoeleostearic acid. (2) In air at 77° for 6 hr. 


process. The disappearance of conjugated double bonds was equivalent to 
oxygen absorbed, suggesting that carbon to oxygen polymerization occurs 
rather than carbon to carbon polymerization. The work of Jackson and 
KummeErow'™) on oxidation of the two linoleate isomers in the presence of 
metallic naphthenate driers indicates that the driers had less effect upon the 
oxidation of conjugated linoieate than upon non-conjugated linoleate. This 
would also suggest that peroxide decomposition is not a major factor in the 
mechanism of oxidation of conjugated substances. 

' The oxidation of conjugated unsaturated substances is accompanied by less 
breakdown than is the oxidation of non-conjugated substances. The conjugated 
triene fatty acids and esters oxidize at a faster rate than do their non-conjugated 
isomers. This was shown by the work of Myers, Kass, and Burr (Fig. 4) who 
compared the oxidation of small amounts of trienoic acids and esters on filter 
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paper.'*# However, comparison of the rates of oxidation of linoleic acid and 
10,12 linoleic acid showed no essential difference.'”) On the other hand, oxida- 
tion of the conjugated methyl linoleate proceeded slower than oxidation of 
methy] linoleate in the experiments reported by ALLEN ef al.‘7® 


30 

oo 

= 

$00 ISOO 


TIME MINS. 
Fig. 4. The course of oxygen absorption by trienoic fatty acids and esters at 40°. (4) 
a-eleostearic acid. (2B) 8-eleostearic acid. (C) Psc ud: sleosiearic acid. (D) Methyl pseudo- 
eleostearate. Linolenic acid. Ethy! linolenate (from Myers et al.).'7 


The most thorough report on eleostearate oxidation is that of ALLEN and 
Kummerow.'*>) They found that the amount of triene conjugation lost and the 
amount of diene conjugation formed were both proportional to oxygen absorbed 
(Fig. 5). The primary product of oxidation was isolated by low temperature 
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Fig. 5. Deereased triene conjugation and increased dicne conjugation during the autoxida- 
tion of methy! eleostearate (from ALLEN and KcommeRow),‘75 


crystallization and found to possess strong conjugated diene absorption in the 
ultraviolet. The effect of alkali upon this absorption was minimal. Hydrogena- 
tion of this oxidation product yielded mostly methyl dihydroxystearates. 
Oxidation of these with alkaline permanganate yielded only valeric and azelaic 
acids, indicating that the original oxidative attack had been confined within 
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the triene system. The attack of oxygen upon the conjugated system was 
postulated to be 1,2, 1,4, or 1,6, yielding the following possible partial structures: 


I. R—CH=CH—CH=CH—CH—CH—R 


U. R—CH—CH =CH—CH—CH=CH—R 
R—CH—CH=CH—CH=CH—CH—R 


Two of these three possess residual diene conjugation. The isoleted primary 
product of oxidation had a specific extinction coefficient of 62, compared with a 
value of 71 obtained by calculation. Upon hydrogenation at least three isomeric 
dihydroxy-stearates were obtained, only one of which contained an «,f-dihy- 
droxy group. In accord with these chemical data and a kinetic study of the 
reaction, the following mechanism was proposed: 


CH,(CH,),CH=CH—-CH =CH—CH=CH—(CH,),COOH + O, > 
CH,(CH,),CH =CH—CH =CH—CH—CH—(CH,),COOH 

This diradical] is stabilized by rescnance along the unsaturated system, allow- 


ing addition at any of the carbons of the triene system. Reaction with another 
unsaturated molecule would yield a dimer still possessing free radical centres: 


—CH =CH—CH=CH—CH—CH— + R—CH=CH—R — 


| 
—CH=CH—CH=CH—CH—CH— 


R—CH—CH—R 
This dimeric diradica] could stabilize itself internally to give a cyclic peroxide: 
—CH =CH—CH=CH—CH—CH 


R—CH 


However, the dimeric radical could again add oxygen and olefin thus building a 
polymeric chain in which the repeating unit is —CHR—CHR—OO—. Oxida- 
tion of pure material would favour the latter course whereas dimer formation 
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would be favoured in diluted media. The kinetic studies allow the rate of 
reaction of eleostearate oxidation to be summarized by the equation: 
dQ, /dt = K (product) (ester) 

The rates of oxygen uptake for various conjugated unsaturated systems 
diminish markedly when the total oxygen uptake approaches 2 mol oxygen per 
mole ester or acid. This is true even for «- and §-parinaric acids which possess a 
conjugated tetraene system.‘*® Apparently the polymer formation increases 
the steric hindrance making further oxidative attack difficult. Increasing vis- 
cosity and diminished diffusion of oxygen is apparently a lesser factor, for 
ef al.‘*7), (78) found that trieleostearin, pentaerythritol eleostearate 
and an eleostearic alkyd all became hard at a very early stage of oxidation, long 
before the maximum oxygen uptake had been achieved. On the other hand, the 
films set and hardened at later stages in the oxidation of similar linoleate and 
linolenate compounds. 

The reaction mechanism quoted above does not account for all the observa- 
tions concerning conjugated polyene oxidation. The oxidation of the eleostear- 
ates has been shown to be autocatalytic both by Braver and STEaDMaN'”) ia 
solutions, and by Myers e¢ al.'’" in thin films. According to the diradical 
reaction mechanism of KuMMEROw and his associates, propagation of the chain 
reaction is by polymerization. The formation of small molecule products such 
as the dimers found by Braver and STEADMAN is by early termination of the 
reaction chains. Chain reaction leading to monomeric or dimeric products could 
be only via a monoradical mechanism. Such a mechanism would involve the 
abstraction of a hydrogen from an eleostearate molecule. 

The mechanism as pestulated does not provide for auto-catalysis. The chain 
polrmerization reaction is not autocatalytic. Moreover, it is implied that 
polymerization is primarily through carbon to oxygen bonds, whereas it is known 
that eleostearate sets a hard film very early in the process of oxidation—before 
sufficient oxygen has been absorbed to account for the cross linking. Thus the 
polymerization is probably mostly through carbon to carbon linkages. It does 
not appear that the free radical reaction mechanism for conjugated polyene 
oxidation is obligatory. The simple 1,2 or 1,4 addition of oxygen may account 
for many of the facts, except that it does not account for autocatulysis. It 
would explain the partly conjugated primary product of oxidation isolated by 
ALLEN and KumMERow, and early polymerization could be stimulated by 
peroxide catalysis. The reaction mechanism is by no means settled, and it is 
hoped that this discussion will stimulate investigations to learn its true 
mechanism. 


Acetylenic compounds 
Although acetylenic fatty acids do occur in natural oils and these substances are 
subject to autoxidation, very Jittle information has been gained regarding the 
mechanism of this oxidation. Kaan, DEATHERAGE, and Brown!” have made 
a study of the autoxidation of stearolic acid and its methyl ester in comparison 
with oxidation of oleates. In contrast to oleates, stearolic acid and methyl 
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stearolate have no induction period. The oxidation begins at its maximum rate. 
The acetylenic conspounds absorb oxygen at a faster rate than the oleates. This 
is illustrated in Fig. 6. Oxidation of stearolate was accompanied by considerable 
poly 1erization and the residues contained a considerable amount of carbonyl 
oxygen. No diketostearic acid was found, however. Acid and ester groups were 
‘ resent but only small amounts of peroxide and hydroxy] groups were present. 
Lhe volatile products of oxidation of stearolate consist of water, carbon dioxide, 
and other organic products. In the case of methy] stearolate, water evolved 
equalled more than 0-8 mol per mole substrate and carbon dioxide more than 
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Fig. 6. Oxygen.absorption of methyl oleate methyl stearolate at 75° (from Kuan al.),‘7 


0-1 mol per mole substrate. The nonaqueous volatile products of stearolate 
oxidation had a rancid odour but gave a negative Kreis test, whereas the corre- 
sponding product from oleate gave a positive test. These striking differences 
between the kinetics and products of oxidation do strongly indicate a difference 
between the mechanism of oxidation of oleate and stearolate. Kuan et al. 
suggest that x-methylene attack of acetylenic compounds is the predominant 
type of oxidation rather than addition to the double bond. 

A study of the oxidation of matricaria ester (n-decadiene-2,8-diyne-4,6-oic 
acid methy] ester) by Homan and SorEenson'™ indicates that in this conjugated 
system the oxygen addition follows a biphasic curve. Likewise, the increase in 
light absorption at 3550 A in alkaline solution increases rapidly initially, whereas 
the increase in absorption at 6000 A corresponds to the second phase of oxygen 
addition. The oxidation was accompanied by rapid polymerization and intense 
deepening of colour. The mechanism of oxidation of conjugated unsaturated 
systems involving triple bonds, such as occur in matricaria ester, and isano oil, 
is probably much different from that of isolated triple bonds. It is likely that 
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the mechanism of oxidation of these mixed double and triple bund conjugated 
systems is similar to that of conjugated polyenes, for rapid polymerization occurs 
during their oxidation. One would expect oxygen to add to the two types of 
resonating systems in similar manners. 


Factors AFFECTING Rare OF OXIDATION 


Degree of unsaturation 


Although it is well known that the rate of oxidation of oils varies with the iodine 
value, the effect of increasing unsaturation is best shown in a series of purified 
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Fig. 7. Rates of oxidation of unsaturated fatty acid esters at 37°. (1) Ethyl oleate. (2) 
Ethyl linoleate. (3) Ethyl linolenate. (4) Methyl arachidonate (from Hotman and 


fatty esters, because with these, the complications of pro- and antioxidants are 
eliminated. With increasing number of isolated double bonds the maximum rate 
of oxidation increases."47) The course of the oxidation of esters containing one 
through four isolated double bonds is shown in Fig. 7. The rates of oxidation at 
25° and 37° for a series of esters is shown in the accompanying table. The large 
difference in rate of oxidation of oleate and linoleate is due to the great lowering 
of activation energy required for oxidation in the case where the methylene 
group is flanked on both sides by double bonds. The additional increases in rate 
of oxidation due to added numbers of double bonds is in the order of a factor of 
2 per additional double bond. This generality was likewise true in a study by 
Curpatit‘*» of the oxidation of trilinolein and trilinolenin in the presence of 
cobalt-lead drier. 

The effect of the presence of small portions of linoleate upon the rate of oleate 
oxidation has been studied by GunsTone and Hivpitcn.'*?) The development 
of peroxide in oxidizing mixtures of oleate and linoleate is shown in Fig. 8. From 
these studies it is apparent that high purity of substrate is important in oxida- 

72 


¥ 
ng 

We 


Factors Affecting Rate of Oxidation 


tion studies. In his kinetic studies on linoleate oxidation, BotLanp‘5”) likewise 
studied the effect of ethy] linoleate concentration in ethyl oleate. He observed 
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Fig. 8. Rates of oxidation of mixtures of methy] linoleate in ethy] oleate at 20°C. Figures 

refer to linoleate concentration (from GUNSTONE and Hixprrcg).'*® 


° 


that the relative rate of oxidation bore a linear relationship to the molar concen- 
tration of linoleate. Thus the oxidation of the diluent, oleate, is not “catalyzed” 
by the presence of linoleate; ‘the effect is one of dilution (vide infra). 


Table 1. Maximum rates of oxidation of acids and esters 


‘ Substance Moles O,/Mole acid/hour | Temperature 


Ethyl oleate™” 0-0004 37°C 


Ethy] linoleate®”) 0-0163 37°C 
Ethyl linolenate™”  . 0-0390 37°C 
Methy!] arachidonate®”? 0-0778 37°C 


Methy!] docosahexaenoate™ . 0-12 37°C 
Oleic acid" 0-0008 37°C 
: Linoleic acid" . 0-0220 37°C 
Linolenic acid"? . 0-0618 7°C 


Glycerol trilinoleate» . 0-020 25°C 


Glycerol trilinoleate*'®) 0-198 25°C 
Glycerol trilinolenate*” 0-048 25°C 
. Glycerol trilinolenate**” 0-40 25°C 
Glycerol] trieleostearate*"*) 0-50 25°C 


* Cobalt lead drier added. 


Conjugation 


In compounds with more than two conjugated double bonds, conjugation 
increases the rate of oxidation. Myers, Kass, and Burr‘ found that 
conjugated triene esters oxidized more rapidly than non-conjugated triene esters 
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(Fig. 4). Curpavuxt found that trieleostearin oxidized more rapidly than tri- 
linolenin in the presence of drier (Table 1). However, ALLAN, Jackson, and 
Kummerow'*”) found conjugated methy! linoleate oxidized slower than methyl 
linoleate, and Horman and ELMER” found the rates for linoleic acid and 


conjugated linoleic acids to be essentially the same. 
Triple bonds 

Only one study known to the author permits an evaluation of the effect of a 
triple bond upon the autoxidation of unsaturated fatty acids. Kuan, DEATHER- 
AGE, and Brown studied the course of autoxidation of methyl oleate and methyl 
stearolate at 75° and found the maximum rates of oxidation to be 0-0125 and 
0-047 mol oxygen per mole ester per hour.‘ Thus the triple bond compound 
oxidizes four times as fast as the double bond compound (Fig. 6). Matricaria 
ester, having two double and two triple bonds conjugated with the carboxyl 
group, oxidizes without an induction period at a very high initial rate followed 
by a second phase at a lower rate.‘™) 


Free acid 


The more common unsaturated acids oxidize at maximum rates sometimes twice 
as great as that of their esters.7) This effect is probably due to participation of . 
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Fig. 9. The effect of the presence of free linoleic acid upon the decomposition of methyl 
linoleate hydroperoxide at 80°C (from Privetrt et al.).'*? 


the carboxyl groups in the decomposition of peroxides. This relationship is 
indicated by the work of Privett, NICKELL, and LUNDBERG in which addition 
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of free linoleic acid to methy] linoleate peroxide accelerated its decomposition'* 
(Fig. 9). Total oxyger uptake for free oleic acid has also been found to be less 


than for its esters.‘™, (8) 


Dilution 


According to the law of mass action, dilution of reactants with inert substances 
aould reduce the rate of reaction. This is true in the case of autoxidation of un- 
saturated oils. The rate of oxidation is roughly proportional to the iodine value 
of an oil. It is common knowledge that highly unsaturated oils present greater 
problems of protection against rancidity than do solid, less unsaturated fats. 
The effect of dilution of ethy] linoleate upon the rate of linoleate oxidation has 
been studied by BoLLanp,“*), 7) using both ethyl stearate and ethy] oleate as 
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Fig. 10. Influence of ethy] linoleate concentration on rate of oxidation of diluted mixtures 
at 55°C. (A) Ethyilincleate-methy] oleate. (B) Ethy] linoleate-ethy] stearate. Curves a and 
pass through the point for pure linoleate (from Bottanp).‘*” 


diluents. When oxygen is not limiting, the relative rate of oxidation varies 

linearly with linolezte concentration. These data are shown in Fig. 10. This 

linearity is also shown between oleic acid concentration and its rate of 
oxidation. 

The effect of dilution of fatty materials in solvents is likewise to decrease the 

chance of collision of free radicals and oxygen with the unoxidized fatty sub- 

stances. Thus in handling unsaturated materials, danger of oxidation is less in 

J solution than it is in the pure condition. However, when dilution is so high that 

the concentrations of unsaturated material and dissolved oxygen are of the same 

magnitude, the prapertion of compound which becomes oxidized becomes very 

high. This has been shown by Groov and Cotra‘®*) in the case of vitamin A. 


Oxygen pressure 
HENDERSON and Younc'**) studied the kinetics of oleic acid oxidation and 
arrived at the rate law expressed in the equation: 


—d 
i = = k, + k, (peroxide) (O,)# 
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Oxygen pressure variation had little effect, however, upon the length of the 
induction period. Botianp’s studies of the kinetics of oxidation of ethyl 
linoleate led him to formulate the rate equation for autocatalyzed ethy] linoleate 


oxidation: 


— dO, Pp 


= k, (peroxide) (linoleate) 


where p is oxygen pressure and *, and n, are constants. By way of illustration 
of the effect of oxygen pressure on rate of oxidation cf linoleate, an experiment 
by Bouuanp is shown in Fig. 11.6” 
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Fig. 11. Effect of oxygen pressure upon rate of oxidation of ethyl linoleate at 45°C (from 


Temperature 


It is common knowledge that high temperatures promote rapid autoxidation of 
fats. This temperature effect is illustrated by the data of PascuKe and 
WHEELER'®® in Fig. 12 for peroxidation of soybean vil methyl esters. Similar 
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Fig. 12. Peroxide formation in soybean methyl esters autoxidizing at various temperatures 
(from PascukKE and 
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data have been presented by LvxpBrre and Curpavt*” for the oxygen uptake 
of methyl linoleate. The effects of temperature upon thermal activation of 
reacting molecules and upon thermal] decomposition of peroxides is difficult to 
separa’*, but the sum total temperature effect involves these two effects. 

The initiation of new chains of reaction is performed by the radicals formed 
by peroxide decomposition. PascHKE and WHEELER‘*® have demonstrated 
th.t rate of peroxide decomposition is dependent upon temperature, and 
PRIVETT, NICKELL, and Lunpsere'*) demonstrated this striking effect of 
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7 Fig. 13, Effect of temperature upon decomposition of methyl] linoleate hydroperoxide 
(from Privett et al.).'§?) 


temperature upon rate of decomposition of methyl] linoleate hydroperoxide 
(Fig. 13). Near 50°C there is a sharp increase in the rate of decomposition. The 
ease of decomposition of these peroxides contributes to the difficulty of working 
with them. 

ro-oxidants 


Peroxide catalysis—In the autoxidation of unsaturated substances, the induction 
period is that initial period of time during which no appreciable oxidation takes 
place, and during which peroxide does not accumulate rapidly. When peroxide 
(or partially oxidized material) is added to a fat it has a pro-oxidant action 
because, in effect, the stage of oxidation is advanced beyond the induction 
period. Peroxides, being unstable substances, have appreciable thermal decom- 
position rates, and thus provide free radicals to initiate new chains. The 
use of benzoy] peroxide is well known for induction of polymerization 
reactions and has been used as a source of chain-starting radicals in studies 
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of autoxidation.‘55), (57) The effect of benzoyl peroxide upon linoleate oxidation 
is shown in Fig. 14. Linoleate hydroperoxide has also been used in studies on fat 
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Fig. 14. Effeet of benzoyl peroxide upon the oxidation of ethyl linoleate at 100 mm 
oxygen pressure and 45°C (from BotLanp).‘*) 


OXYGEN UPTAKE CU. MM.. 
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Fig. 15. Effect of metallic driers and antioxidant upon the rate of oxidation of linoleic acid 
at 60°C in aqueous emulsion. (1) Linoleic acid. (2) Linoleic acid + 5 p.p.m. Cu. (3) Linoleic 
acid + 0-15 m hydroquinone (from and Strotz).'*® 


oxidation, and now that means are available for concentrating them on a 
large scale by crystallization or urea complex fractionation (see chapter by 
ScHLENK), fat peroxides may find use as polymerization catalysts. 
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Meial talalysis—In the drying oil industry, pro-oxidants called “driers” are 
often used to promote rapid oxidation. These substances are salts of heavy 
metals with organic acids. The effect of driers upon drying time of linseed oil 
. has been extensively studied by Luxp‘*” and the action of copper upon the 
oxidavion of linoleic acid has been studied by Samru and Srorz'‘*®) (Fig. 15). 
S~ELLON‘®) studied the action of various metals upon oleate oxidation and 
f und that lead, aluminium and barium are good catalysts in the primary stage 
of oxidation, but that zinc is a good catalyst for formation of ketone from 
peroxide. 

The metallic catalysts have their action primarily through the decomposition 
of peroxides to form additionai free radicals. Although to the author’s know- 
ledge, no work in the field of fats has treated this phenomenon, it is generally 
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Fig. 16. Effect of cobalt naphthenate drier on the peroxide value of unconjugated and 
conjugated linoleic acid oxidized at 30°. (1) Linoleic acid. (2) Linoleic acid + drier (from 
Jackson and Kummerow).'7?) 


accepted that peroxide decomposition via metallic salts to yield free radicals 
promotes polymerization and oxidation.“ However, it is clear from the 
study by Jackson and KusnreRow'*) that in the presence of drier, the peroxide 
value of oxidizing linoleic acid is held to a lower level (Fig. 16). 

Many organic peroxides are able to take electrons from, and yield electrons to 
metallic cations, depending upon oxidation reduction potential: 


Cu+ + ROOH — Cut++ + R—O:- + -OH 


Cu++ + ROO:- + R—OO- + Cut 


The metallic catalysts function through maintaining a steady concentration of 
active hydroxy] radicals. 

ANDERSON") presents a slightly different view of the metal catalyzed oxida- 
tion of methy] linoleate. In his work he found that after the induction period 
the rate increases to a constant value (r) and can be related to drier concentra- 
tion (c) by the following relation: 


r+ ar = Be, 
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in which « and f are constants dependent upon linoleate concentration. The 
induction period increases with drier concentration, suggesting that it is related 
to the oxidation of the cations to a higher valence. Ninety per cent of the ab- 
sorbed oxygen was found as peroxide. His conception of the mechanism of 
catalyzed and uncatalyzed autoxidaiion is the same except that the chain 
carrier is an addition product of the catalyst rather than the peroxide radical 
ROO... 

Surface catalysis—The influence of the nature of the vessel upon induction 
periods and rates of oxidation has been known for some time. The more common 
surface catalysis is due to contact with atoms of the transition metallic elements 
in the vessel, and is thus ordinary metal catalysis. However, Georce‘®*) has 
made a systematic study of surface catalysis by means of the addition to the test 
sample of inert powders which contained subanalytical amounts of transition 
element impurities. In common with metal catalyzed and benzoyl peroxides 
catalyzed oxidations, the surface catalyzed oxidation of tetralin yielded hydro- 
peroxide as the primary product. The surface catalysis is responsible for 
initiation and termination of reaction chains. See section on physical state of 
substrates. 


Antioxidants 


Antioxidants are substances which, when present in small quantities in oils, are 
able to prevent or delay the oxidation of the oil. They are present in most 
natural fats and oils, and contribute to the natural stability of raw oils which is 
often removed by purification. The literature on antioxidant theory and practice 


has been covered by LUNDBERG up to 1947.) Since that time, much of the 
knowledge of the field has been covered in the Transactions of the Conferences 
on Biological Antioxidants sponsored by the Josiah Macy Jr. Foundation of 
New York. 

The mechanism of inhibition catalysis was recognized by ALYEA and 
Bacxstrém®) to be by breaking of reaction chains and involving the oxida- 
tion of the inhibitor. BotLtanp and TEN Have'® studied the kinetics of 
ethyl linoleate oxidation in the presence of hydroquinone and came to the 
conclusion that the inkibitor terminates chains by interaction with peroxide 
radicals. 


R—OO- + Hq — stable product 


From kinetic evidence they also concluded that hydroquinone underwent 
chemical change. The strong yellow colour of the oxidized mixture suggested 
that the product of hydroquinone oxidation was benzoquinone. GoLumsBic'*? 
found that tocopheral was rapidly oxidized during the induction period of fat 
oxidation, and when tocopherol had disappeared, the induction period came to 
an end. Lunprerc, DocksTaDER, and Hanvorson‘®®) studied the kinetics of 
oxidation of hydroquinone, catechol, nordihydroquaiaretic acid, and gallic acid 
in oxidizing lard. They found that in each case, antioxidant concentration 
diminished during initial stages of oxidation and that peroxide did not reach 
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high values until most of the antioxident had disuppeared. Fig. 17 illustrates 
the effect. 

TayLor™) and have discussed the mechanism of antioxidant 
action. MICHAELIS explained antioxidant phenomena on the basis of compulsory 
univalent oxidation-reduction. Aside from synthetic sulphur compounds, two 
tyr s of natura] antioxidants exist, one which can be reversibly oxidized to 
qu none, and tocopherol which cannot. They do have the common property of 
being reversibly oxidized to a semiquinone radical. Semiquinones are well 
known, and the semiquinone of tocopherol has been demonstrated to exist by 
MicHAELIs. Tocopherol in aleohol, ether and pentane was cooled to a glassy 
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Fig. 17. Oxidation of lard containing hydroquinone as antioxidant (from LUNDBERG ef al.).(*#) 


noncrystalline mass. When this rigid solution was irradiated with ultraviolet 
light, an intense red colour was produced, which disappeared when the glassy 
solution melted, allowing dismutation of the free radicals. From these observa- 
tions the most plausible mechanism of antioxidant activity is the following: 
ROO- + AH, > ROOH + AH: primary attack 

2AH--— AH, + A dismutation 

or 
ROO- + AH-— ROOH + A secondary attack 


Synergists are substances which reinforce the effect of antioxidants. The syner- 
gists may or may not possess antioxidant activities of their own. Synergists are 
usually dibasic or polybasic organic or inorganic acids. The synergists thus far 
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receiving the most study are ascorbic acid, phosphoric acid, and citric 
acid. Gotumsic”®™” took the view that the function of a synergist was the 
continual regeneration of the antioxidant at the expense of the synergist which 
acted as a source of hydrogen. 

In acurrent paper PRIVETT and QUACKENBUSH" point out that three factors 
are incompatible with that mechanism: (1) Some potent synergist combinations 
do not form oxidation-reduction systems; (2) In the tocopherol-ascorbie acid 
synergism, no evidence has been presented to define the rate of ascorbic acid 
destruction; (3) Phosphoric acid has been shown to react with quinone in the 
absence of hydrogen donors to give a false positive test for tocopherol in the 
iron-bipyridyl reaction. PRIVETT and QuacKENBUSH found that citric and 
ascorbic acids suppress the initial accumulation of peroxides which takes place 
at “pro-oxidant” levels of NDGA and tocopherol in autoxidizing lard. It was 
also found that ascorbic acid and tocopherol exerted sparing actions on each 
other in oxidizing lard—the tocopherol was not spared at the expense of 
ascorbic acid. 

The work of Privett and QUACKENBUSH indicates that synergists suppress 
the “pro-oxidant” action of phenolic antioxidants. This “pro-oxidant’”’ action 
is a catalysis of peroxide decomposition stimulated by the antioxidant, particu- 
larly when it is in high concentration. In an autoxidizing fat containing both 
antioxidant and synergist, the antioxidant has two actions. The antioxidant 
terminates oxidation chains by reacting with peroxide radicals: 


ROO: + AH, > AH: + ROOH 


The inhibitor also catalyzes the decomposition of the peroxides, the extent of 
which is dependent upon anticxidant concentration. 


AH, 
ROOH R- + -OOH 


The function of the synergist is prohably to suppress the antioxidant’s catalysis 
of peroxide decomposition. By suppressing the catalysis, additional chain 
. formation is prevented, and thus the antioxidant molecules are spared from their 
function in stopping such chains. 


Refining procedures 


MITCHELL and KraYBILL,") and subsequently BEADLE," have made a study 
of the effect of refining and bleaching upon the spectral characteristics of vege- 
table oils. They found that alkali refining lowered the ultraviolet light absorp- 
tion, and that bleaching with fullers earth raised the absorption if the oil had 
been cxidized prior to bleaching (Fig. 18). Deodorization likewise caused an 
increase in absorption at 2700 A. They demonstrated that bleaching induced 
conjugation in oils, the conjugation having one more double bond in its system 
than the original fatty acids contained. The mechanism for this induced 
unsaturation was suggested to be by oxidation and subsequent dehydration. 
According to modern oxidation theory this phenomenon could be explained as 
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Fig. 18. Effect of processing upon the spectral characteristics of oils (from MrTrcHELL 
end 


follows. Peroxide decor position could yield a hydroxy radical and a substituted 
hydroxy radical. 


—CH=CH-—-CH=CH—CH—CH,— — 


O- 
| 
—CH=CH—CH=CH—CH—CH,— + -OH 


O- 
—CH=CH—CH=CH—CH—CH,— + RH > 


OH 
—CH=CH—CH=CH—CH—CH,— + 


OH 


| 
—CH=CH—CH=CH—CH—CH,— | 
—CH=CH—CH=CH—CH=CH— + H,0 


Treatment of oxidized oils with aluminium or magnesium silicate reduces the 
peroxide value. This is also true for treatment with activated carbon. TAUFEL 
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and Nac" report that treatment with the former decolorizes, delays oxida- 
tion, but that treatment with carbon hasten oxidation. It has also been reported 
that alumina removes antioxidants from oils, thereby reducing their keeping 


quality. 


Physical state of substrates 


The degree of dispersion of unsaturated substrates has a marked effect upon their 
oxidation. The spreading of oil films on porous material can, and often does, 
lead to spontaneous combustion of the oil. Bezman, and DauBERT 
have studied the oxidation of drying oils adsorbed on the surface of finely 
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Fig. i9. The effect of oil/solid ratio upon rate of oxidation of soybean oil adsorbed on 
silica gel (from Hows et al.).1°% 


divided silica gels. There is a critical oil,'solid ratio which yields a maximum rate 
of oxygen uptake (Fig. 19). The results were interpreted as indicating the exis- 
tence of a closely packed mono-molecular layer of oil on the adsorbent at the 
critical ratio, and that this arrangement is most favourable for promoting 
oxidation. At oil concentrations below the critical oil/solid ratio, the oil mole- 
cules are separated by distances dependent upon the ratio, and thus the rate of 
oxidation depends upon the average distance between vil molecules. Above the 
critical ratio, the oil molecules form multimolecular films, and the rate of 
oxidation is decreased, because diffusion of oxygen becomes a limiting factor. 
This interpretation was verified by the observation that at the critical ratio, the 
calculated area occupied by that amount of oi! as a monolayer nearly equalled 
the area available on the silica gel surface. 

In aqueous colloidal solution, sodium linoleate oxidation appears to be slightly 
different from oxidation of linoleate esters en mass. BERGSTROM, BLOMSTRAND, 
and Lavrecyi®* found that in this system the rate of oxidation was dependent 
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upon copper ions, that inaximum oxygen uptake is 2 mo] oxygen per mole lino- 
leate, and that the spectral changes were similar to those observed in oxidizing 
linoleate esters. Isolation of the reaction products as a low viscosity oil indicated 
that prlymerization had been inhibited, and the sharp termination of the 
reaction at 2 mo] oxygen per mole linoleate suggests that the product of oxidation 
me ' be rather reproducible. The authors suggested that monomeric diperoxides 
of che structure 


—CH—CH =CH—CH—CH— 
O————O OH 

may be formed by the oxidation of the primary peroxide. This method should 
prove useful in preparation of the product of linoleate oxidation which ha3 2 mol 
of oxygen per molecule. 
’ Emulsified oils are subject to oxidation, but because of the instability and 
non-reproducibility of emulsions, little work has been done on fat oxidation in 
this type of system, with the exception of enzymatic studies (vide infra). How- 
ever, emulsions are of biological and medical interest. Oil in the dispersed phase 
is subject to the same type of oxidation as oil in bulk, but the presence of water 
soluble catalysts has an influence upon the oxidation. Metallic salts and haemo- 
proteins are of particular importance as catalysts in oxidation of biological 
systems. Much of the catalysis in animal tissue fats which has been considered 
enzymatic is due to oxidation catalyzed by haemoglobin, myoglobin and 
catalase. 08) 

Most work on fat oxidation has used liquid systems. Oxidation of solid fats is 
much inhibited by the presence of considerable amounts of saturated fatty acids 
which act as diluents. On the other hand, oxidation is sharply limited by the 
solid state of matter in which penetration and diffusion of oxidation is much 
reduced. 

Restriction of unsaturated fatty acids and esters within the crystal structure 
of urea complexes is effective in inhibiting oxidation of these readiiy oxidizable 
substances. The inhibition of oxidation in this case could be either by protection 
against oxygen penetration, or by prohibition of chain reaction as a consequence 
of the rigid lattice to which the substrate is restricted. For details the reader is 
referred to the chapter by SCHLENKE in this volume. 

Oxidation in the gaseous phase is extremely rapid, but little is known of its 
mechanism. Contact of hot vapours of fatty acids or esters with air can lead to 
explosive oxidation. 


hy 


Irradiation 
The oxidation cf unsaturated acids and esters is stimulated by various types of 
irradiation. The absorbed radiant energy activates substrate molecules to the 
energy level necessary for chemicc] reaction to take place. Infra-red and visible 
radiation are somewhat effective, but ultraviolet light, because of its higher 
energy content, is far more effective. X-ray has recently been found to be 
effective in inducing fat oxidation. 
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Ultraviolet light has been used successfully by Farmer and Sutron‘5) to 
promote the oxidation of methyl oleate to the hydroperoxide. Sutton?” used 
the same method for oxidation of methyl] elaidate to the hydroperoxide. Swirt, 
and O’Connor'?® were able to oxidize methy] oleate rapidly by ultra- 
violet light irradiation and to. prepare the hydroperoxide in 90° purity. 

BaTEMAN and GEE‘) have made a thorough kinetic study of the photo- 
oxidation process, using cyclohexene, 1-methy] cyclohexene, 2,6-dimethyl-2,6- 
octadiene, and ethyl linoleate as substrates. They concluded that pkoto- 
oxidation proceeds by a chain mechanism in which the generation of ‘ree radicals 
by light absorption is the chain initiat‘on mechanism. The predominant initia- 
tion process is the photolysis of the hydroperoxides. When light intensity is 
fixed and wavelength chosen such that light absorption is weak, the photo- 
oxidation is autocatalytic, because the products formed are more strongly light- 
absorbing than the substrate, and their photolysis leads to additional chain 
formation. 

Photo-oxidation is somewhat modified by the presence of chlorophyll. Kaan, 
LunDBERG, TOLBERG, and WHEELER"® have studied the chlorophyll-photo- 
oxidation of methyl oleate and methyl linoleate. The visible light energy 
absorbed by the chlorophyll is in some manner transferred to the substrate, 
thereby activiting the substrate to an energy level sufficient for oxidative attack 
to take place. The products of linoleate oxidation have a lower light absorption 
in the ultraviolet region characteristic of conjugated dienes, whereas the products 
isolated from thermal and plain photo-oxidation are very similar in light 
absorption. Infra-red studies of the product suggest the presence of isolated 
trans material in the product, whereas this is not found in products of plain 
photo-oxidation. Chlorophyll photo-oxidized linoleate yielded a peroxide con- 
centrate of high peroxide value, which after reduction te the alcohol and chro- 
matographic separation yielded a significant fraction which was non-conjugated. 
These results suggest that the 11-hydroperoxido-octadecadienoate can exist and 
that by some means, becomes a significant product by the action of chlorophyll 
in spite of the greater thermodynamic stability of the conjugated isomers. 

Meap" has found in his studies on x-irraciation of linoleate that the reaction 
is also a chain reaction. He has measured the quantum yield and found that with 
increasing concentration, the ionic yield increases. With increasing cysteine 
concentration, the ionic yield decreases, indicating protection of linoleate against 
oxidation by sulphydryl compounds. Presumably the mechanism of X-ray 
stimulated oxidation of linoleate is the same as in autoxidation. The possibility 
also exists that radiation initiated chain oxidation of unsaturated fat accom- 
panies radiation injury of animals. 


Enzymes 
Oxidative rancidity involves largely the poly-unsaturated fatty acids, and thus 
the only enzymatic fat oxidation that appears to be a factor in preservation of 
fatty foods is that stimulated by lipoxidase. Lipoxidase is a plant enzyme 
specific for the oxidation of the essential fatty acids and their esters. The enzyme 
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has been studied carefully, and for detailed informaticn the reader is referrad to 
recent reviews. (15), (108), (111) 

Lipoxidase attacks essential fatty acids, yieiding hydroperoxide as a primary 
product. The enzymatic ox‘dation of linoleate is accompanied by the complete 
conjugation of the double bonds. The enzyme is active in the range from the 
fr-ezing point of the solution to somewhat above room-temperature, although 
t' e enzyme is inactivated during its action at the higher temperatures. 

The most plausible reaction mechanism for linoleate oxidation by lipoxidase 
involves probable contact between the enzyine and each molecule of the sub- 
strate. Tappet et al.“2?) also found that the enzyme was capable of oxidizing 
antioxidants in the presence of linoleate without the concomittant oxidation of 
linoleate itself. These reaction mechanisms are given on page 88. 

The oxidation of polyphenolic antioxidants by lipoxidase plus linoleate sug- 
gests that linoleate may play a role analogous to a coenzyme or prosthetic group 
in the oxidation of polyphencls and other substances. The reported lipoxidase 
oxidation of amino acids and polyphenols may be by such a mechanism. If so, 
the enzyme may be as important in the oxidation of these secondary substrates 
as in the direct oxidation of poly-unsaturated fatty acids. 


DETECTION OF OxIDATION PRODUCTS 


The Kreis test 


This test has been used widely for the assay of oxidative status of oils, but it 
offers the disadvantages of being highly empirical. The test as ordinarily used 
involves two phase systems or other means of separation of the active eompo- 
nents. Modification of the test making it suitable for colorimetry has improved 
the method.“?%) Phloroglucinol has been shown to yield colour with epihydrin- 
aldehyde, malonie dialdehyde, or acrolein treated with H,O,,")-but the presence 
of these compounds has not been demonstrated in oxidized fat, nor do these 
substances appear in the currently uccepted mechanism of oxidation. Their 
presence, however, is not unreasonable as secondary oxidaticn products. Thus 
the Kreis test, although a proven qualitative test for oxidation, has been of little 
theoretical value in studies of fat oxidation. It appears that the Kreis test 
detects substances formed from the decomposition of peroxides, and represents 
a measure of terminal oxidation products. It may yet prove to be of value in 
studies of secondary oxidations and peroxide decomposition. 


Thiobarbituric acid test 


This test has been developed in the past few years, and appears to be related to 
the Kreis test. It was originally used by Koun and Liversepc®") who ob- 
served that animal tissues, upon aerobic incubation, were able to give a colour 
reaction with thiobarbituric acid. and his co-workers"!®, have 
traced this reaction to products of oxidation of unsaturated fatty acids, prin- 
cipally linolenic acid. Parrox and Kurrz?® have studied the reaction involved 
in the test and applied the test to detection of oxidation in milk fat. They found 
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that malonic dizldehyde gave a strong test and that the thiobarbituric acid test 
is much more sensitive than the Kreis test. The latter did nut begin to yield 
measurable colours until after decided oxidized flavours appeared, whereas the 
thiobarbituric acid test gave measurable responses during the development of 
percepuible rancidity. The TBA test appears, therefore, to hold more promise 
then does the Kreis test. It would be of value in detection of oxidation in its 
ea ly stages. 


Stamm test 


This test depends upon reaction of oxidized fat with s-diphenyl carbazide to 
yield a colour." It has been correlated with organoleptic detection of rancidity 
and found to give a rather good correlation.” 


Dicarbonyl compounds 


These compounds are supposedly present among the products of oxidation of 
iats and O’DanIeL and Parsons have postulated thet the colour developed by 
oxidized fats in alkali is due to the formation of quinones from «-dicarbonyl 
compounds by double aldol condensation.“* They suggested that alkali colour 
is a test for a-dicarbonyls. Prim has also developed a colour test involving 
their dioximes."**) The alkali colour test has been shown to be affected by fat 
concentration and by time.” Nevertheless, the «-dicarbonyl test was con- 
sidered the best method for assessing rancidity because the dicarbony] value of 
oils is not affected by heat treatments of the oils. 


Alkali colour 


When oxidized fats are dissolved in an alkaline medium, intense orange or red 
colours are produced. This is the result of production of chromophores whose 
principa) absorption is in the ultraviolet range. The visible colour is merely end 
absorption of ultraviolet chromophores. The alkali coiour has been studied 
spectrophotometrically by Hotman ef al.) and it was concluded that the 
colour was probably not due to quinones formed from dicarbony] in the oxidized 
fat. JasPERSON ef al.5) also concluded that dicarbony] tests on oxidized fats 
are fundamentally different from those on model compouads. Present opinion 
is that the colour is due to condensation of unsaturated carbonyl compounds. 
Cuipavt.t et al.*”) have found that the alkali colour is due to two reactions, one 
which is instantaneous, and one which continues over long periods. 

HENDRICKSON, Cox, and Konex‘®™) used spectral study of the alkali colour in 
assessing the oxidative changes taking place in film formation. CHIPAULT 
et al.‘47), (77), (78) likewise used this colour formation in describing the chemical 
changes during film formation from pure triglycerides, pentaerythritol esters, 
and alkyds prepared from known pure fatty acids. 

It would appear that the a-dicarbonyl colour reactions, based upon sketchy 
knowledge, however, do possess merit for assessing oxidation of oils. It is to be 
hoped that a better understanding of their chemistry will lead to more effective 
use. 
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Iodometric peroxide value 


Peroxide number is the most commonly used assay of state of oxidation in fats 
and oils. Many methods have been devised for its measurement and BaRNaRD 
and Harcrave"**) have discussed thorougily the merits of the various methods. 

To date the iodometric methods appear to be most satisfactory and have been 
the most used. The methods originally devised by LEa“*) and WHEELER"?® 
have been used widely, but recent studies snow that improvement can be made 
by the exclusion of oxygen from reagents and reaction flask."*”) This method 
measures the primary product of oxidation, and because peroxides are subject 
to rapid destruction under some conditions, the peroxide value does not com- 


pletely describe the oxidative history of an oil. 


Ferric thiocyanate method of peroxide determination 


This method lends itself to colorimetry, but is subject to considerable error. 
CHapMan and McFarianz"!?®) describe such a method, but the peroxide as 
determined by this means is far higher than that found by iodometric methods. 
Lea"*) found that by exclusion of oxygen from the reaction medium the colour 
formation is diminished to about one-fourth that obtained in the presence of 
oxygen, and that the values were lower than theoretical. The thiocyanate 
method has its use in comparative studies where a quick colorimetric method is 
desired, but it requires rigid exclusion of air for reproducibility. The values 
obtained in the presence of air are proportional to, but higher than iodometric 
values. It is more sensitive than the iodometric method and can be used in lower 


ranges of peroxide value. 


Dichlorophenol-indophenol peroxide determination 
This method, introduced by Hartmann and Gravino”) likewise yields high 
values in the presence of air.“°!) However, the values are reproducible and are 
useful only in comparative studies. Perhaps the most significant use of this 
reagent has been to detect the presence of peroxides histochemically by 


GLAVIND e¢ al,‘132) 


Stannous chloride peroxide value 


Stannous chloride has been used as reagent for estimation of organie peroxides 
by several workers with varying degrees of success. BARNARD and HaRGRavE"%) 
have reviewed the literature on the use of this method of peroxide estimation, 
and have proposed a modification they believe to be satisfactory. The method 
is titrimetric and requires about 1 milliequivalent of peroxide for determination. 
PRIVETT ¢é al.) use a method which is a modification of the stannous chloride 
procedure, but which is colorimetric and which requires 0-5 to 25 microequiva- 
tents of peroxide. This method holds promise of applicability to low levels of 
oxidation, and the colorimetric feature lends the method to routine use. The reac- 
tion is performed in alcohol in the presence of dichloroplienol-indophenol. After 
the reduction of the peroxide by stannous chloride, the medium is made acid 
with oxalic acid, and the stannous chloride remaining then reacts with the dye. 
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Ultraviolet absorption 


Oxidation of poly-unsaturated fatty acids is accompanied by increased ultra- 
violet absorption. The magnitude of change is not easily related to degree of 
oxid tion because the effects upon the various unsaturated acids are different in 
quality and magnitude."*) However, the spectral change for a given substance 
 n be used as a relative measure of oxidation, and probabiy has its best applica- 
‘ion in the detection of oxidation rather than its measurement. The examina- 
tion of ultraviolet spectrum is a rapid and sure method for assessing the purity 
and freshness of unsaturated fatty materials. The higher the absorption, the 
greater has been the exposure to oxygen. 


Infrared analysis 


HenicKk"%*) has applied infrared analysis to the detection of uxidation products 
in milk fat. Spectra] changes were detected before off flavours developed, and 
beth loss of favour and development of off flavours were correlated with definite 
absorption bands. The subject of infrared analysis of fats and oils will be 
treated by WHEELER in another chapter in this volume, and the reader is 
referred to his treatment for more information on its application to problems of 


oxidation. 


Polarographic analysis 
Polarography has recently been used in the analysis of fat oxidation products. 
LEwIs, QuaCKENBUSa, and De Vries"*® found a linear relationship between 
wave height and peroxide value in the early stages of the oxidation of fats 
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Fig. 20. Example of polarograph curve for oxidized and reduced lard. Lard concentration 
in 0-3 M lithium chloride was 1° (from Lewis and QuacKENBUSH)."37) 


(Fig. 20). At more advanced stages of oxidation the polarograph does not reduce 
ali substances capabie of reduction by acidic iodide solution. They also found 
that fat peroxides showed a triple wave in the curreut voltage curves in neutral 
solution. They were unable to distinguish the peroxides of methyl oleate or 
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methy] linoleate” but found three types of peroxide present. The temperature 
at which autoxidation took place also affected the type of polarographic curve 


obtained. 
Wuurs ef al.°®) have studied the polarographic behaviour of forty-one 


oxygerm-containing compounds in a non-aqueous electrolytic medium. They 
concluded that peroxides, hydro-peroxides, aidehydes, ketones conjugated with 
double bonds and diketones can be measured polarographicaily. It appears that 
polarographic analysis has promise of becoming a powerful tool in the study of 


fat oxidation. . 


BIOLOGICAL SIGNIFICANCE OF OXIDIZED Fat 


The adverse effect of the ingestion of rancid fat is well known. The subject has 
been reviewed by Burr and Barnes) in 1947 and by QuACKENBUSH in 
1945," and they concluded from the evidence at that time that one of the 
chief deleterious effects of dietary rancid fat is the destruction of vitamins and 
perhaps other dietary essentials. On the other hand, many symptoms observed 
are not explained in terms of vitamins, and at least for the present it must be 
assumed that rancid fat nas a direct toxic effect. 


Vitamin destruction 


Rancid fat in the diet causes the development of a biotin deficiency because of 
the oxidation of biotin which is synthesized in the intestine.‘ This is in 
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Fig. 21. Loss of vitamin A during autoxidation of vitamin A-methyl linoleate mixtures. 
(1) Vitamin A, 3280 A. (2) Diene conjugation 2325 A (from Hotan).'45) 


agreement with observations that biotin is inactivated by rancid fats in vitro.44* 
Ascorbic acid may be partially destroyed as a consequence of its synergistic 
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antioxidant action:") pyridoxine and pantothenic acid have been found to 
relieve acrodynic rats fed rancid fat."** Thus there may be some relationship 
between the toxicity of rancid fat and tnese vitamins. 

The fat soluble vitamins are subject to oxidation in rancid fats. Tocopherol 
is easily oxidized, and would occur in very low quantities in rancid diets because 
it is destroyed before the active rancidification begins. This is likewise true for 
car tene and vitamin A. These substances are subject to coupled oxidation in 
oxidizing fat, and are oxidized early in the process of development of ran- 
eidity.4), 445) This is shown in Fig. 2] for vitamin A. Vitamin D is also subject 
to oxidation under conditions which prevail in dietary preparations.“4® 


Essential fatty acid destruction 


It is of course obvious that if rancidity is caused largely by the oxidation of 
poly-unsaturated fatty acids, these essential fatty acids are destroyed in the 
course uf the process. Unfortunately, this aspect of rancid fat toxicity has had 
little attention until recently. In the study of the ability of rancid fat and 
oxidized esters to relieve the symptoms of acrodynia—a deficiency disease 
caused by removal of pyridoxine and essential fatty acids from the diet— 
oxidized methyl linoleate relieved the symptoms but was not as effective in 
doing so as fresh ester. Tocopherol did not improve the response to the rancid 
preparations. Highly oxidized preparations were ineffective.“* 

Recent discussions at the Macy Conferences on Biological Antioxidants 
suggested that one role of tocopherol in vivo may be to provide an antioxidant 
status for the protection of essential fatty acids (poly-unsaturated fatty acids). 
To'test this hypothesis W1TTEN and Hotman"*” attempted to simulate pro- 
oxidant status by feeding benzoyl peroxide with the essential fatty ester sup- 
plement, and to simulate antioxidant status by feeding added tocopherol with 
the supplements. ‘he conversions of linoleate and linolenate to more highly 
unsaturated fatty acids by fat deficient rats were used as an index of essential 
fatty acid utilization. Tt had been previously found that in rats, linoleate 
induces synthesis of arachidonate and linolenate induces synthesis of hexaenoate, 
with other cross conversions also taking place.“4®) When benzoyl peroxide plus 
linoleate was fed as a supplement to fat-deficient rats, growth response was 
greatest, least when benzoy] peroxide was fed alone. Fat synthesis was found 
to be stimulated by benzoyl] peroxide plus unsaturated ester. Benzoyl peroxide 
plus linoleate led to the formation of hexaenoic acid, but other conversions 
appeared to be unaffected by either tocopherol or benzoyl peroxide. Thus, 
contrary to expectation, the pro-oxidant, which is toxic when fed alone, proved 
to be beneficial according to criteria of growth and fat synthesis. 

From the above results it appeared that oxidized essential fatty acids are 
involved in some of the conversions. To explore this question farther, HoLMaN 
and GREENBERG") have administered to fat deficient rats the following sup- 
plements: ethyl linoleate, partially oxidized ethyl] linoleate, ethyl linoleate with 
dietary benzoy] peroxide, ethy] linoleate hydroperoxide, thermally decomposed 
ethyl linoleate hydroperoxide and conjugated ethyl linoleate. Fresh linoleate, 
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oxidized linoleate ard linoleate plus benzoyl peroxide all relieved the dermal 
symptoms of fat deficiency, reduced the water consumption of the rats, and 
stimulated arachidonate synthesis. Linoleate peroxide, decomposed peroxide, 
and conjugated linoleate were not effective as judged by these criteria. Thus 
the concentrated products of linoleate oxidation and conjugated linoleate could 
not be utilized as essential fatty acid. However, fresh linoleate, slightly oxidized 
linoleate, and linoleate plus dietary benzoyl peroxide were curative. The 
beneficial effect of feeding the catalyst for autoxidation, benzoyl peroxide, plus 
linoleate together in supplement suggested that a more oxidizable medium may 
be better utilized by the animal. The influence of pro-oxidant and antioxidant 
conditions upon essential fatty acid metabolisin is still not clear, and it is 
obvious that much experimental evidence and verification will be needed before 
the matter is understood. 

It seems clear from these latter studies that the products of fat oxidation are 
not well tolerated by animals. The oxidation products cause intensification of 
the symptoms of fat deficiency and appear to be toxic. It is not clear yet 
whether the toxicity is due to an effect upon intestinal bacterial synthesis of 
vitamins, or due to a direct toxicity. 


Effect of oxidized fat on enzyme systems 
BERNHEIM, WILBTR, and Kenaston"®) have recently demonstrated an inhibi- 
tion of enzyme action by fatty acid oxidation products. Washed tissue suspen- 
sions or mitochondria, when incubated with ascorbic acid, lose enzymatic 
activity. The decrease in succin-oxidase, cytochrome oxidase, and choline 
oxidase activities has been found to parallel the amount of oxidized unsaturated 
fatty acid as measured by the thiobarbituric acid test (see p. 87). The enzyme 
inactivation can be prevented by quercetin, which inhibits oxidation. Oxidized 
methyl linolenate also inactivates the enzymes. These observations are of 
interest particularly in the case of cytochrome oxidase, which is known to be 
associated with lipid containing some highly unsaturated acids. It may well be 
that the inhibition is due to the oxidative destruction of essential fatty acids 
which are a part of the active enzyme system. 
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3 
NUTRITIONAL SIGNIFICANCE OF THE FATS* 
Harry J. Deuel, Jr. 


I. IxTRODUCTION 


Unti recently, many nutrition workers have considered fats as optional com- 
ponents of the diet. It was believed that an equally good nutritional condition 
obtained in the absence of fat as when this foodstuff was present, provided that 
the diet contained sufficient calories and was otherwise complete. However, 
since the classical discovery of Burr and Burr™ that certain unsaturated fatty 
acids are essential for growth and, in fact, for aurvival, it has been more generally 
recognized that fats may serve as a required nutrient, not only as a source of 
the essential fatty acids but probably also in a variety of other ways. 

A number of important functions of fat are generally recognized. In the first 
place, fat is the foodstuff which possesses the greatest caloric density of any 
of the foodstuffs. In the dry state, it yields 9-3 large calories} per gm, as con- 
trasted with values of 4-1 calories for protein and carbohydrate. Moreover, 
fat is hydrophobic and usually.occurs without water, while both protein and 
carbohydrate are hydrophilic. Therefore, in nature, the ratio of caloric value in 
; foods between fat on the one hand and protein and carbohydrate on the other 

hand, is usually greater than the 2:3:1 ratio which exists between these 
foodstuffs in the dry state. It is obvious that fat is the foodstuff to be employed 

in increasing amounts when the bulk of s diet must be controlled. 
A second function of fat is as a carrier of the fat-soluble vitamins. Not only 
does fat act as an excellent solvent for the carotenoids, vitamins A, vitamins D, 
and the tocopherols, but it also protects them from oxidation to a much greater 
extent than if they were present in an aqueous suspension. Moreover, the 
presence of fats in the gastrointestinal tract concomitantly with the fat-soluble 
vitamins may aid in the absorption of the latter. Phospholipids, which occur 
to a greater or lesser extent in most natural fats, furnish choline, necessary for 
the synthesis of methionine, and as a general transmethylating agent. The 
importance of dietary fat is not confined to the fat-soluble vitamins, but its 
presence is also vital in some of the water-soluble vitamins. Thus, Evans and 
LerKovsky'®) demonstrated in 1929 that fats exhibit a thiamin-sparing action, 
althongh it was later reported" that this foodstuff did not possess any riboflavin- 
sparing activity. On the other hand, the pyridoxine requirement has been shown 
to be dependent upon the amount of fat in the diet. © 


* Contribution No. 324, Department of Biochemistry and Nutrition, University of Soutbern 


California. 
+ The term, calorics, as used in this chapter refers to kilocalories (1000 small calories). 
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Nutritional Significance of the Fats 


Fats are necessary in the diet to improve the palatability of the food. Low-fat 
diets prove very unappetizing ; under conditions in which such a diet is required, 
it may bring about a voluntary reduction in food consumption. STaRLive'® 
stated that the reduced food intake in Great Britain during World War I was 
definitely associated with the low-fat content of the diet. A considerable number 
of the population lost weight because of their failure to consume an adequate 
number of calories to maintain an energy equilibrium on the high-carbohydrate, 
low-fat diet then available. Baked foods are likewise virtually impossible 
without fats. : 


II. PHysioLogicaL Funcrions rN WHICH FaTs PLAY A ROLE 
1. Fats as the Source of Essential Fatty Acids 


1. Discovery of the necessity of essential fatty acids 

The first proof that the exclusion of fats from the diet resulted in a fat-deficiency 
syndrome was obtained as recently as 1926 by Evans and Burr.‘ Shortly 
thereafter, McAmus et al.'®) likewise noted that rats receiving fat in their diets 
grew better than did animals on fat-free regimens; however, they failed to 
report on any deficiency symrtoms in the rats receiving the fat-free diet. It 
remained for Burk and Burr to demonstrate clearly for the first time that 
this pathological deficiency was a new dietary disease which was not to be 
ascribed to lack of vitamins A or D. 

When young rats are subjected to a fat-free diet, they grow at a normal rate 
for several weeks. However, after 3 or 4 weeks, the growth curve begins to 
flatten as compared with that of rats receiving: cottonseed oil, until a plateau is 
reached after 9 to 10 weeks, followed by a moderate decline in weight.” When 
the rats are continued on the fat-free regimen for a prolonged period, their 
weight may decline further, and premature death occurs. BuRR‘!® has listed 
the typical symptoms in the rat as follows: (1) marked retardation in growth; 
(2) development of scaly skin and caudal necrosis; (3) kidney lesions with con- 
comitant haematuria; and (+) death. Kidney lesions were found in 100°% of the 
rats examined at autopsy, while the incidence of caudal necrosis was variable. 
Other less specific lesions which were noted include histological changes in the 
ovaries, uterus, and other tissues, resulting in poor ovulation, impaired repro- 
duction and lactation in the female, and complete sterility in the male. Deficient 
rats likewise exhibit histological abnormalities of the epidermis. WrmeLiamMson@ 
has shown that the epidermis of rats on fat-free diets becomes thicker and more 
differentiated than that of normal rats. ‘The stratum granulusum becomes 
especially distinct, and the horny layer thick. This syndrome can be entirely 
prevented when essential fatty acids are given. Another symptom noted by 
BURR was an excessive water intake. A high metabolic rate also obtains, . 
associated with a high respiratory quotient. 

Burr and Brrr reported somewhat later that the fat-deficieney symptoms 
disappeared immediately, and that a dramatic recovery from the deficiency 
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Fats as the Source of Essential Fatty Acids 


condition occurred when lard, cod-liver oil, or liver was fed. It was shown 
that the curative agents were such unsaturated acids as linoleic, linolenic and 
arachidonic acids. It was suggested that the varying potencies of different 
fats in curing the fat-deficiency symptoms might be correlated with the 
proportion of the component “essential” fatty acids in the particular fat under 
consideration. 


2. Compounds active as essential fatty acids 


The curative effects on the so-called fat deficiency disease could be traced to 
specific fatty acids present in the neutral fats. This was evident immediately 
after the first recognition of the deficiency. The glycero] moiety was shown to be 
compietely without prophylactic action.” Saturated fatty acids such as stearic, 
palmitic, myristic, lauric, and lower acids were likewise found to be inactive, as 
was evident from the negative results obtained with coconut oil, with hydro- 
genated coconut oil, and with methyl] stearate.“*) In fact, Evans and Lep- 
KOovsky"*) and Srxciaimr"* have reported that the feeding of hydrogenated 
coconut oil to rats on an otherwise fat-deficient diet does not alleviate the fat- 
deficiency symptoms, but in fact actually accentuates them. As a result, the 
essential fatty acid requirement for growth is increased by the concomitant 
ingestion of such saturated fats. DrvEL and co-workers“® have recently 
confirmed the earlier findings as regards the deleterious effect of hydrogenated 
coconut oil when administered to rats suffering from fat-deficiency symptoms. 
Srxcusm"® has reported that diets containing a considerable proportion of 
elaidin accentuate the essential fatty acid deficiency in the same way as does 
hydrogenated coconut oil. 

Although oleic acid was at first thought to have some slight activity as a 
therapeutic agent,“*) Burr, Burr, and M@LeR"” later showed it to be com- 
pletely inactive in this respect. The fact that the saturated fatty acids cannot 
cure the fat-deficiency syndrome is entirely reasonable, as deduced from our 
knowledge of intermediary metabolism, since the diet employed on which the 
deficiency develops contains both carbohydrate and protein. Beth of these 
foodstufis are readily convertible to fats having such saturated fatty acids. This 
fact has been repeatedly demonstrated over recent years."® Since unsaturated 
acids such as oleic acid may normally be derived from the saturated acids,” it 
is likewise ubvious that oleic acid could not be expected to exert a curative effect. 
The fatty acids which prevent or cure the fat-deficiency symptoms are therefore 
compounds which cannot be synthesized de novo in the body, and which must 
be obtained from the diet. . 

The most effective unsaturated fatty acids which are classed with these 
so-called ‘essential’ fatty acids are: the dienoic acid, linoleic acid, 
9,12-octadecadienoic acid, the trienoic acid, linolenic acid,"” 9,12,15- 
octadecatrienoie acid, and the naturally-occurring tetraenoic acid, arachidonic 
acid,‘*), (23) 5.§.11,14-eicosatetraenoie acid. A list of the unsaturated acids 
which have been tested for curative aetion in fat-deficiency disease is given 


in Table 1. 
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Nutritional Significance of the Fats 


3. Comparative biopotency of essential fatty acids 
a. Requirement for linoleate 
Most of the studies on the curative effects of the essential acids have been made 
with linoleic acid, but there is no general agreement as to the optimum dosage 
required by rats. According to Burr,” no absolute values can be given for the 
amount of linoleate which should be considered as optimum. It has been re- 
peatedly shown that amounts of linoleate as low as 5 mg will produce definite 
growth when tested with rats on the fat-deficient diets, while Burr e¢ al.‘® 
and Hvme and associates?) reported marked response in body weight gains’ 
when doses of 10 to 20 mg of the essential acid were fed. Burr and collabora- 

‘ tors’? cited a figure of 40 mg as the optimum dosage, while HuME et al. have 
recorded 42 mg‘?! as the linoleate requirement. On the other hand, Martrx‘5) 
states that 30 mg of linoleate, or slightly less, is the most satisfactory level, and 
this conclusion has been supported by MackENnzZIE and co-workers.'*) 

However, other workers reported augmented growth when the linoleate intake 
was considerably higher, as compared with that at lower dosages. TURPEINEN‘** 
found that 100 mg was the optimum value for linoleate in female rats. 

More recent experiments of the DEevet group have placed the figure for 
linoleate requirement even higher for male rats. Although GREENBERG and 
associates*®) originally postulated, on the basis of a straight line curve when log 
dose and body weight gain were plotted, that the optimum requirement for male 
rats was at least 100 mg daily, later results indicated that the figure exceeded 
100 mg.'* Ultimately it was shown that the maximum growth level was not 
attained even when 200 mg dosages were administered.“* It was also found - 
that the daily doses of 400 mg of methyl linoleate were toxic, although the 
possibility exists that the toxicity might be related to the high intake of methyl 
groups. Further experiments are necessary to establish the optimum figure for 
linoleate in male rats. 

(a) Sex difference in requirement—One interesting development which was 
reported by GREENBERG et al.‘**) was the demonstraticn of a sex difference in 
the requirement for essential acids. Although the optimum level for male rats 
exceeds 200 mg per day,"* that for females is only a fraction of this value. 
According to earlier work,'*®) the requirement based on growth response appeared 
to be in the neighbourhood of 10 to 20 mg for females; in later experiments, the 
highest growth was obtained on a 50 mg dosage, while growth was actually 
depressed when the linoleate intake was increased to 100 mg per day. The 
differences in essential fatty acid requirement between the male and female rats 
were later shown to be independent of the «-tocopherol requirement. 


b. Requirement for linolenate 
Although the term, “essential fatty acids” is genezally used, BuRR®® considers 
that any one of the acids alone may serve to cure the deficiency symptoms. 
Burr and associates“? reported that the growth-promoting effects of linoleic 
and linolenic acids were additive. Martry,* however, disagrees with this view. 
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Fats as the Source of Essential Fatty Acids 


It was later found that linolenic acid appeared +o be more active than linoleic 
acid in its anti-dermatitis action, and equal to it in its growth-promoting 
activity. 

In - cent experiments of GREENBERG ef al.,'*®) linolenic acid, fed alone, was 
found to be markedly inferior to linoleic acid, both as a growth-promoting agent 
ar 1 in its curative effect on the dermatitis of fat-deficiency disease. Thus, no 
a.preciable growth response was noted when the daily dosage of linolenate was 
10 mg, although the same dosage of linoleate gave a marked response. However, 
when as small an amount as 10 mg of linoleate was administered to the rat on 
the fat-deficient diet, together with 10 mg of linolenate, the growth response 
was as great as that to 20 mg of linoleate alone. GREENBERG ef al.'*®) postulate 
that a “sparking action on the part of linoleate is required before linolenate can 
play its role as an essential acid.” 


c. Requirement for arachidonate 


Although arachidonic acid is not a normal component in vegetable fats, it is 
considered by TURPEINEN*) and SMEDLEY-MacLean and Nunn‘) that it is 
the principal unsaturated fatty acid required by the animal organism. As the 
result of a number of independent investigations by Barxr ef al.,“°® by Nunn 
and SMEDLEY-MacLean,®? by Reiser, ) and by RIECKEHOFF and co- 
workers,‘ it has been established that both linoleic and linolenic acids undergo 
an interconversion in the animal organism to give rise to arachidonic acid. 
WipmerrR and Hotman“ reported that, when fat-deficient rats were given 
linoleate supplements for two months, increased leveis of arachidonate were 
~ found in the heart and liver. In negative control rats which reccived stearate or 
oleate, no increase in polyunsaturated acids in these organs could be noted.* 

If arachidonic acid is the ultimate unsaturated acid required by the animal 
organism, one wouid expect it to exhibit the highest biopotency of any of the 
essential fatty acids. Although the experimental results have been somewhat 
divergent in demonstrating such a superiority, the bulk of evidence would seem 
to support the viewpoint that arachidonic acid is superior to other unsaturated 
acids in supplying the need for essential fatty acids. 

TURPEINEN,‘**) in 1938, reported that arachidonic acid possesses three times 
the biopotency of linoleic acid when tested by the gain-in-weight teclinique. Using 
the same index of activity, Hume and co-workers‘*”) found the ratio of Dio- 
potencies of methyl arachidonate and methy] linoleate to be 2: 1. On the other 

hand, in the earlier experiments of Burr, Burr, and MmLer"” an inferior 
growth-promoting activity was actually noted for methyl arachidonate when 
fed with a mixture of methyi linoleate and methyl linolenate. These workers 
later indicated that the methyl arachidonate sample was one of poor quality. 


* Editor's Note: The metabolic interconversions of the essential fatty acids and the factors 
affecting them are subjects outside the scope of the present discussion. The reader will find these 
discussed in the following papers: (1) Proc. Third Conf. Research Amer. Meat Inst. (1951) 1. (2) Fette 
und Seifen 53 (1951) 332. (3) The Vitamins, Academic Press, New York, (in press). (4) Archives 
Biochem. Biophys. 37 (1952) 90; ibid. 41 (1952) 266. See ulso chapter on Autoxidation of Fats and 
Related Substances, section on Biological Significance of Lipids, p. 92. 
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Nutritional Significance of the Fats 


However, Burr and collaborators, using some of the same arachidonate as 
had been used by TURPELNEN,'*) were unable to confirm the fact that arachi- 
donic acid exhibits a superior biopotency as compared with linoleic acid. Using 
an especially pure sample of methyl arachidonate and a new procedure for the 
bioassay of essential fatt,y acids, GREENBERG and co-workers‘ have recently 
reported that, when administered alone, methyl arachidonate possesses a bio- 
potency 3-5 times that of linoleic acid. On the other hand, when the biological 
activity of arachidonate was calculated from the growth response observed when 
arachidonate and linoleate were fed together, the ratio of biopotencies of arachi- 
donate to linoleate was 6-2: 1. The weight of evidence would seem to indicate 
that arachidonic acid has the highest biopotency of the several essential acids. 


4. Procedures for determining the essential fatty acids 
a. Chemical methods for the determination of essential fatty acids 
When a large proportion of the fatty acids present in a fat consist of one or more 
essential fatty acids, as occurs in the case of the common vegetable fats, quanti- 
tative analyses can be obtained by the use of fractional distillation under a high 
vacuum. Subsequent identification of the fractions can be made from saponifi- 
cation equivalents, iodine and thiocyanogen numbers, refractive indices, ultra- 
violet, infrared, or Raman spectral patterns or, in special cases, by the use of © 
other physical or chemical constants.“?-*) Fractional crystallization of acetone 
solutions of the fatty acids at low temperatures, as developed in the laboratories 
of J. B. Brown, have been useful in the separation of such naturally-occurring 
unsaturated acids as oleic, linoleic, linolenic, erucic, and ricinoleic acids.‘ 

The above procedures may be applied jointly to identify and to furnish 
quantitative data on the amount of unsaturated acids present, when they occur 
in comparatively large amounts. However, these methods are of little value for 
the estimation of the essential acids when the latter are present in the low con- 
centration at which they occur in some vegetable fats, as well as in most animal 
fats. In the latter case, the procedure of Brice et al.'*”) has been most useful. 
This involves the isomerization of the unsaturated fatty acids which are non- 
conjugated to the corresponding conjugated acids, by heating with alkali. The 
concentration of each of the conjugated acids can be ascertained by spectro- 
pbotometric analysis. 

However, the information obtained by chemical analysis may not always be 
valid. Dienoic, trienoic, and tetraenoic acids exist which do not possess bio- 
potency, although they may contribute to the values obtained by spectrophoto- 
metric analysis. It would thus appear that the exact evaluation of the potency 
of an unknown oil, especially when the polyunsaturated acids are present in 
minimum amount, can be determined only by bioassay methods. 


b. Bioassay procedure for the determination of essential fatty acids 


A bioassay similar to that employed for vitamin A can be used to determine 
essential acids. That this procedure is valid became evident when GREENBERG 
et al.(*8) demonstrated that the curve for the log dose plotted against gain-in- 
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weight, when doses of 5, 10, 20, and 50 mg of linoleate were administered to male 
rats having a fat deficiency, was a straight line after 3 weeks, continuing up to 
12 weeks. The results of the control tests as recorded by GREENBERG and 
ass ciates'**) are plotted in Fig. 1. 

In tests on a group of hydrogenated fats (margarines and shortenings), 
outters, and cottonseed oil, in which the essential acids were determined both 
spectrophotometrically, by the procedure of Brice et al.,‘*”) and by the bioassay 
procedure, there was a fairly good agreement in general. However, although the 
essential acid content of one shortening prepared by selective hydrogenation 
was very close when determined by the chemical and bioassay methods (2:1% 
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Fig. 1. The gain-in-weight of previously depleted male rats plotted against the log dose 
of metby) linoleate fed for 3, 6, 9, 12, and 15 wecks. Doses of methy] linoleate were 5, 10, 
20, and 50 mg daily.‘*® 


vs. 2:46% respectively), a wide difference in values was obtained in another 
sample prepared by non-selective hydrogenation. In the latter case, only 6-8% 
of essential acids were found by the spectrophotometric procedure, while a 
figure of 13% was obtained by the bioassay procedure. 


5. Essential fatty acid content of various fats and oils 


Linoleic acid is the main essential fatty acid found in vegetable oils, although in 
several instances (linseed oil and hempseed oil) large proportions of linolenic 
acid likewise occur. The essential fatty acids are usually present in highest 
concentrations iu animal fats if large quantities of fats containing them have 
previously been fed to the animals. Small amounts of arachidonic acid have also 
been reported in many animal fats. In general, the amount of essential acids is 
Jowex in animal than in vegetable fats. Table 2 summarizes the maximum 
amounts of essential fatty acids which have been reported in the more common 
vegetable and animal fats. 
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Fats as the Source of Essential Fatty Acids 


6. Essential fatty acid requirement in animals other than the rat 


Although most of the experimental work on fat-deficiency has been carried out 
on the rat, there is every evidence that this dietary deficiency is a widespread 
one wh’*h may occur in a variety of different species. Thus, WHITE and co- 
workers'*®) reported a syndrome in mice deprived of essential fatty acids which 
is s nilar to that produced in the rat. DEcKER and his co-workers‘ have 
rec. ntly published extensive reports of essential fatty acid deficiency in mice. 
RvssELt and his collaborators were unable to produce an essential fatty acid 
deficiency in chickens.) However, it is possible that the linoleic acid present 
in the cornstarch), &) may have been sufficient to prevent severe deficiency 
symptoms. REIsER™*) has recently shown the essential nature of polyunsatu- 
rated fatty acids by experiments in which he used more highly purified diets in 
which sucrose was substituted for starch as a carbohydrate energy source. 

It has not been possible to produce the fat-deficiency symptoms in the hog, 
although Hitpircn, Lea, and Pepe.ty“”’ are of the opinion that the pig 
requires linoleic acid. However, the ELiis group‘*-*® reported that the iino- 
leate content of lard dropped from a normal value of 7 to 15% to 1-2% when the 
diet of the hogs was practically fat-free. Moreover, when the diet contained 
vegetable oils high in essential fatty acids (such as soybean), the depot fat of the 
pig was found to contain as much as 39% of linoleic acid and 0-5% of linolenic 
acid.) A similar condition obtains in the egg yolk fat of the hen fed on hemp- 
seed oil.*) GuLLicKscn and collaborators*® were unable to present any clear- 
cut evidence to prove that the essential fatty acids are required by growing 
calves; moreover, the results on the cow are similar,‘**) ‘© although it has been 

~ shown that a decrease in the iodine number of the blood lipids obtains when 
cows arc subjected to fat-free diets. 

The dog is readily-susceptible to the fat-deficiency syndrome, and the course 
of the disease is quite similar to that in the rat.) Marked deviations occur in 
the proportion of the essential fatty acids in the plasma of this animal, as a 
result of variations in the intake of these components. The effect is especially 
evident when a fat-free regimen is given. 

There are no definite indications that essential fatty acids are required by 
adult men, although several workers have indicated that these dietary com- 
ponents are required by babies. Thus, GROER‘*) and Hansen'® have reported 
that infants kept on a low-fat diet developed eczema, which was readily cured 
by fat feeding. Although some other workers‘*: ‘®) have failed to confirm 
these findings, as regards the curative effects of fat on infantile eczema, it is 
entirely possible that they may have been dealing with another type of eczema. 

The evidence is quite definite that the eczematous condition can be correlated 
with the level of blood lipids. Thus, the scaly dermatitis which occurs in the rat 
on a fat-free regimen can be correlated with a lowering of the iodine number of 
the blood lipids.“**-®") Moreover, some workers‘®?: reported that eczematous 
lesions in adult human patients are usually accompanied by a lowering in the 

level of unsaturated fatty acids, especially linoleate and arachidonate, in the 
serum. Jt is reported that, when the eczematous condition was cured by the 
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administration of lard, the improved clinical condition was associated with an 
increase in the linoleate content of the blood, but not necessarily with an aug- 
mentation of the arachidonate.'*? The data on the essential fatty acid content 
of blood serum of normal and of eczematous patients are summarized in Table 3. 


Table 3. The linoleate and arachidonate in the blood serum of normal 
subjects and of eczematous patients) 


% of total acids 


Number of 
pooled 


Condition of patients 
samples Linoleate | Arachidonate 


Young patients with eczema . 3-20 1-34 
Adult patients with eczema . 4-20 1-60 
Control subjects I . ‘ 4-80 2-83 
Control subjects II. 5-20 2-90 


Although it would appear probable that a correlation exists between the 
essential fatty acid level in the serum and the occurrence of certain types of 
eczema, in the baby and even in adult man, there is no other evidence which 
- indicates the necessity of these substances in man. For example, Brown and 
co-workers’) carried out an experiment on a single normal male subject who 
maintained himself for six months on a low-fat diet; no harmful effects were 
noted, but a 50% reduction in blood linoleate and arachidonate was observed. 
This decrease was entirely out of proportion to the drop in total blood lipids. 

It is apparent that the common animals can be divided into two categories. 
In one group, which includes mice, rats, and dogs, the deficiency of essential 
fatty acids in the diet is followed by cessation of growth, by kidney lesions, by 
effects on the epidermis and, in some cases, by death. In the second class, which 
includes pigs, calves and cows, and man, the only symptom which can be 
observed is the effect on the unsaturated acids in the blood which follows a 
prolonged fat-free dietary regimen. As would be expected from the results on 
rats, this effect is much more readily produced in the young anjmals than it is 
in the adults. 

The reason for the differences between the two categories of animals is prob- 
ably to be ascribed to variations in the level of requirement. In the rat the 
optimum level is extremely high, being in excess of 200 mg for a young adult 
male rat. If a similar requirement obtains for man, this would correspond to a 
value of 13-5 gm daily if comparative dosages are based upon surface areca. One 
must conclude that the animals in the second group in all probability require 
essential fatty acids, but that the required level is considerably lower. 


7. Metabolic effects of essential fatty acids 


The main function of the essential fatty acids would appear to be related to the 
metabolism of the skin. Just how these acids act to carry on this function has 
not been determined. 
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One of the results of fatty acid deficiency which has been repeatedly recognized 
is the high level cf metabolic activity which obtains. KunKEL and Wrmuiams'”) 


have recently reported that essential fatty acid deficiency in the rat causes a- 


marke? increase in the cytochrome oxidase activity in the liver, as well as a 
slight augmentation in choline oxidase activity; no alteration occurs in the 
ex’ :nt of succinic oxidase oxidation, but a marked decrease in endogenous 
ac ivity results. These authors are of the opinion that the increased cytochrome 
oxidase activity in the liver, and possibly also in the tissues, may largely account 
for the increased metabolic rate. It is believed that this may likewise represent 
a specific metabolic function of the essential fatty acids. 

It is likewise possible that linoleic acid plays a role in the metabolism of 
choline. Thus, Ence.' has suggested that this dienoic acid is essential to 
enable choline to exert its lipotropic effect. SmaEDLEY-MacLEan and Nunn‘) 
reported that fat was not laid down in body fat depots in the absence of 
arachidonic acid. 

Another possible role of the essential fatty acids has been suggested by other 
work of SMEDLEY-MacLean and Nexy,'®) in which Walker tumour tissue was 
implanted in rats fed on a normal diet. Coincident with the development of the 
tumours, there was a marked fall in the ratio of highly unsaturated fatty acids 
to the fat-free dry weight in the subcutaneous tissves. This is interpreted to 
mean tLat, when new tissue is formed in the rat, arachidonic or some similar 
acid is ‘used up in the promotion of this growth. The acid necessary for this 
process is drawn from the subcutaneous reservoir. The phenomenon of growth 
may well be associated, to a greater or lesser extent, with the metabolism of the 
essential fatty acids. The problem of the mechanism of the action of essential 
fatty acids in the animal body is thus as yet largely unsolved. 


2. The Relationship of Fat Intake to Protein Metabolism 


For a number of years, there has been a general agreement that carbohydrate 
rather than fat possesses a protein-sparing action. In the classical experiments 
of GraHamM Lusk," it was shown that, on a constant protein intake, the 
urinary nitrogen level was depressed when carbohydrate was ingested con- 
comitantly, but not when fat was the additional foodstuf eaten. However, in 
more recent experiments, Swanson and her co-workers‘’”) have been able to 
demonstrate that fat plays an important role in one phase of protein metabolism 
in which carbohydrate appears to be without effect. When rats were given 
protein-free diets over a sufficient period, unti! the urinary nitrogen had reached 
the so-called “wear and tear quota” or nitrogen minimum, the sparing action on 
protein continued when the caloric intake was reduced to 50% of that required, 
provided fat was included in the ration. Moreover, on the fat-containing diet, 
the nitrogen excretion was only slightly elevated when the caloric intake was 
reduced to 25° of that required. On the other hand, when the rats were fed a 
fat-free, protein-free diet, although the urinary nitrogen was not elevated when 
the diet was given at 75% of the requirement, a marked increase in protein 
metabolism was noted when only 50% of the caloric needs were satisfied. An 
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excessive loss of protein was demonstrated, as determined by urinary nitrogen 
values, when the diet furnished only 25% of the required calories. Similar 
resu/ts were also obtained when metiiionine was incorporated into the protein- 
free diet. These data are summarized in Table 4. 


Table 4. Nitrogen excretion of rats receiving protein-free diet alone or with 
methionine and which was fat-free or contained 20% fat at 100, 75, 50, 
25% of required caloric levels‘™” 


Per cent Basal N-excretion Experimental N-excretion Difference 
caloric 


requirement |—— 
Fat-free diet | 20° fat diet | Fat-free dict | 20% fat diet | Fat-free diet | 20% fat diet 


Protein-free diet alone 


100 280 
75 | 272 
50 | 383 


Protein-free diet + methionine 


100 295 
— 95 
— 42 


+ 194 


50 
25 


| 
75 | 270 
| 


20 | 18 — 127 
ast | | | 


SAMUELS, GILMORE, and REINECKE'”®) have demonstrated the sparing action 
of fat on protein metabolism, bythe use of an entirely new technique. Rats were 
fed on a diet containing 80% of the total calories as carbohydrate, protein, or 
fat for 28 days preceding a period of fasting. It was reported that the lowest 
nitrogen excretion obtained in the group which had previously received the fat 
diet. Moreover, the rats which had originally received the fat diet prior to the 
fast survived the longest. This phenomenon is, in all probability, to be ascribed 
to the greater sparing action of the fat on protein metabolism; the pre-mortal 
rise in protein metabclism is thus retarded, with a resultant prolongation of the 
survival period. The results of these tests are summarized in Table 5. 

One possible explanation for the striking results given in Table 5 is that the 
previous dietary history conditions the enzyme systems which are active during 
a subsequent fast period.” In the case of the rats which have received exo- 
genous fat as the sole source of calories during the 28-day period prior to the fast, 
the enzyme systems are completely adjusted to the processes involved in the 
efficient utilization of fat. When the supply of fat is endogenous rather than 
exogenous, no alterations in oxidation pattern are involved, and the same 
metabolic processes proceed without interruption. In the case of the rats which 
have previously received either the protein or the carbohydrate regimen, a new 
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Table 5. The average nitrogen excretion of rats on special diets and during 
a subsequent period of fasting with voluntary activity, and of rats 
undergoing violent exercise'?®) 


Nitrogen excretion in gram/day/rat* 


Period 
during 
Sast Protein diet | Carbohydrate diet | Fat diet 


(days) | 

Before 1-369 + 0-38 + 0-0053 0-3165 + 0-0080 
(on diet) 
Total nitrogen excretion (og }0-2547 + 0-0314'0-1770 + 0-0068'0-1104 + 0-0057 
6-1] |0-1427 + 0-0392 0-1318 + 0-0111'0-1004 + 0-0094 
13-death —- 0-2286 + 0-9131 0-1407 + 0-0272 


Nitrogen excretion during); nal 
(mg/100 revolutions) 10-0521 + 0-0095 0-0465 + 0-0058 0-0342 + 0-0044 


* Including Standard Error of the Mean. 


pattern of oxidation must be set up as soon as the glycogen stores and stores of 
deposit protein are exhausted. Finally, the shorter survival of the rats which 
had previously received the protein diet might be explained by the fact that the 
animals were unable to adjust themselves to an economical use of protein during 
fasting because they had become accustomed to a high protein intake with a 
large wastage of this foodstuff in the pre-inanition period. 

Another approach to the question as to the protein-sparing action of fat is 
the study of efficiency of growth in young animals on low-fat and on high-fat 
diets. FRENCH, Buack, and Swirr'®) have reported more efficient and more 
rapid gains-in-weight in rats receiving a low-protein diet when 30% of fat was 
present than when only 2% of this foodstuff was involved. GrIcER'*” has 
recently shown that the sparing effect of cystine on protein metaboiism occurs 
only when fat is present in the diet. This eonfirms an earlier report of Saumon, 

Rocers, Fercuson, Frrrpcoop, and Vars,'*) experimenting with protein- 
depleted rats which were then subjected to 70% partial hepatectomy, found that 
the nitrogen balance was more favourable and that greater increments of liver 
protein accrued in rats kept on a diet composed of 30% of fat than on one 
containing 3°, of this foodstuff. Such results were likewise obtained when the 
caloric intake of the animals on the 30% fat diet was restricted to the ad libitum 
consumption of the 3% fat regimen. 

A possible explanation for the behaviour of fat on prctein metabolism may be 
deduced from the experiments of Pearson and Panzer.‘*? These workers 
reported that a significantly greater loss of phenylalanine, valine, lysine, and 
methionine obtained in the urine and faeces of growing rats on a fat-free diet than 
on one which contained 8% of corn oil. Moreover, similar but less striking 
differences in favour of the fat diet were registered in experiments with adult 
rats. 

The report of Scuwimmer and McGavack'*) indicates that the protein- 
sparing action of fats may likewise have application to man. It was found that 
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the only condition under which a low nitrogen excretion could be maintained in 
human subjects on protein-free diets, fed at considerably below the levels 
required for caloric equilibrium, was when the rations contained considerable 
propor ‘ions of fat. Although one must continue to accept the fact that carbo- 
hydrate.serves to spare protein on mixed diets, it seems necessary to include an 
additional corollary that fat and fat alone may likewise exert a protein-sparing 
action when animals are subjected to low-protein or protein-free diets. 


3. Growth as Related to Fat Intake 


1. Experiments in which ad libitum diets were employed 


There is considerable evidence in the literature to prove that the growth- 
promoting properties of diets are progressively improved as the proportion of 
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Fig. 2. The average body weight of weanling male rats at the start (to top of lower blank 

space), after 3 weeks (to top of solid black), after 6 weeks (to top of stippled area), after 

12 weeks (to top of cross-line area), and after 18 weeks (to top of upper blank area). The 
figures in the lower blank area are the diet numbers (described in text).‘*®? 


fat is increased. HoacLanp and SnipER"® were the first to prove that, on diets 
containing 5, 30, or 55°% of four types of lard, rats grew best on the regimens 
containing 30% and 55% of fat. In later tests carried out with increased pro- 
portions of vitamins, these workers'*” confirmed their earlier results; when 
steam-rendered lard was fed at 5, 15, 30, or 54% levels in the diet, optimum 
growth obtained in the animals receiving the 30% fat diet, and minimum growth 
was noted in the group receiving the 5% fat diet. DEvEL and co-workers‘*®) 
have also noted that weanling rats fed on diets containing several levels of 
cottonseed cil or margarine fat showed the best growth when the fat comprised 
20 to 40% of the total weight of the diet. The authors suggest that the optimum 
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level of fat as estimated from these tests would be approximately 30% by weight, 
or 50% of the calories. Fig. 2 illustrates the mean body weights, at several 
periods, of weanling rats fed over an 18-week interval on 0% fat without 
(die. 50a) or with (diet 60b) essential fatty acids, or with diets containing fat at 


BONY WEIGHT 


MALES FEMALES 


Fig. 3. The average body weight of weanling male and female rats at the start (to top of 
lower blank space), after 12 weeks on restricted calories (to top of solid black area), after 
3 weeks on diets ad libitum (to top of stippled area), after 6 weeks on diets ad libitum (to 
top of cross-lined area), after 9 weeks on diets ad libitum (to top of upper stippled area), and 
after 12 wecks on diets ad libitum (to top of upper blank area).'*°’ The fat was cottonseed oil. 


the following levels: 5% (diet 61); 10% (diet 62); 20% (diet 63); 30% (diet 
65); 40% (diet 64); 50% (diet 66); and with a mixture of margarine fat 
(7-2%) end cottonseed oi] (2-8%) (diet 67) and with the stock diet (S)}. 


2. Experiments in which paired-feeding tests were employed 
In the experiments of ForBEs and co-workers" carried out with pair-fed rats 
on isocaloric diets containing 2, 5, 10, or 50% of fat (mostly lard), the gains-in- 
weight, the digestibility of the fat, and the retention of nitrogen displayed 
proportionally greater efficiency as the amount of fat in the diet was increased. 
In another scries of tests on growing rats, carried out with 2, 10, and 30% fat 
but with increasing proportions of vitamins as compared with that in the earlier 
series, ForBEs and collaborators) proved that the greater efficiency of the 
diets with increasing fat eontent was associated with significant gains of fat and 
energy and with a decrease in the total heat production. In experiments with 
mature rats, again employing diets containing 2, 10, and 39% of fat, ForBEs 
et al.* noted that the fat content of the diet had little effect on the utilization 
of protein, but that the energy loss associated with the utilization of isocaloric 
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quantities of the diets decreased with the increasing fat content of the ration. 
In an extension of this work, FRENcH and co-workers‘) demonstrated that the 
high-fat diet (30°) produced better results, from the standpoint of energy 
utilization, than did the low-fat diet 20/, , When the protein level was reduced 
from 22% to 7%. There was an increased weight gain; furthermore, greater 
increases in fat content and energy, and a decrease in heat production, were 
associated with the high-fat regimen. j 

In contrast to the uniformly superior results obtained with high-fat as 
compared with low-fat diets, which have been recorded by a number of investi- 
gators, HOAGLAND, SNIDER, and Swirt‘*) have recently been unable to find 
statistically significant differences in the rate and efficiency of growth of young 
male rats fed diets containing 4, 9, or 14% of the diet (5-0, 10-98, or 18-27% of 
the calories respectively). 


3. Experiments on fat feeding following periods of restricted food intake 


The improvement in nutrition and growth which results from a generous 
inclusion of fat in the diet has likewise been demonstrated by SCHEER et al.,‘% 
who varied the experimental conditions. When weanling rats were stunted by 
drastic restriction of the food intake to such an extent that practically no 
increase in body weight occurred over a period of 12 weeks, and the rats were 
then allowed to eat the various diets ad libitum, markedly superior growth was 
exhibited by the rats receiving 10, 20, and 40% of fat in the diet, as compared 
with that recorded for the animals receiving 0°4 or even 5% of cottonseed oil. 
This was particularly evident during the last period investigated (9 to 12 weeks 
after the start of ad libitum feeding). 

Essentially similar results were reported by SCHEER et al.‘®» in later studies 
on young adult rats. When these rats were subjected to severe caloric restric- 
tions, the loss-in-weight of the rats receiving the high-fat diets was less than in 
the case of those receiving isccaloric low-fat diets. During the period of caloric 
restriction, a lower mortality rate was likewise observed in the group of rats 
receiving the high-fat diet than in those on the low-fat regimen. Moreover, the 
rats on high-fat rations made a better recovery during a subsequent period when 
ad libitum feeding was reinstituted than did those on the low-fat diets. Finally, 
PEARSON and Panzer have shown that rats fed a diet containing 8% of corn 
oil or lard ad libitum gained 29% more in body weight than did rats maintained 
on a similar diet minus the fat but with the addition of ethyl linoleate. 


4. “Associative dynamic action” as an explanation of the greater efficiency 
in utilization of fat diets 

The best explanation for the greater efficiency in growth which has been 
demonstrated for high-fat diets, as compared with isocaloric low-fat regimens, is 
the peculiar effect exerted by fats on the specific dynamic action of other food- 
stuffs. This behaviour of fats, which was first discovered by ForsBes and 
Swirt,'*? has been termed by them the “associative Cynamic effect.” 

It has long been known that, following the ingestion of foodstuffs, an increased 
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respiratory metabolism obtains over and above the basal metabolic level, 
duiiny the period of their absorption, transport, and interconversion in the body. 
This is known as the “specific dynamic action.” Proteins exert the greatest 
efiec in this respect, followed, in turn, by carbohydrate and fat. Under certain 
conditions, such as external cold, the heat arising from the specific dynamic 
¢ ‘tion of the foodstuffs may be utilized for warming the body, in lieu of a 
stimulation of the metabolism by shivering or by chemical regulation, and may 
thus produce the extra heat required to accomplish this purpose."*?) Under these 
circumstances, the specific dynamic effect would not represent waste energy, 
but would rather tend to result in greater efficiency in the utilization of food- 
stuffs. However, under most conditions, the specific dynamic effect represents 
a direct loss of energy to the body. When the specific dynamic effect is not 
needed for warming the body, due to an elevated environmental tempereture, 
this excess heat is lost. Moreover, the energy produced by the specific dynamic 
effect of protein cannot be used to derive energy for mechanical work.'%, (9) 
However, ANDERSON and Lvsk"*) did demonstrate that, when carbohydrate 
was consumed during work, no specific dynamic effect was exerted. There is 
no conclusive evidence as to the effects which would be noted, under these 
conditions, with ingested fat. Thus, it should become apparent that any situa- 
tion which tends to reduce the specific dynamic effect of foodstuffs will bring 
about an increased efficiency in utilization of the foodstufis. 

It has been generally accepted that, under conditions favourable for demon- 
strating the specific dynamic effect, the activity due to each of the foodstuffs is 
additive. Some years ago, MURLIX and Lvsk"™) demonstrated, in tests on dogs, 
that the extra heat produced when glycine (20 gm), glucose (70 gm), and fat (75 gm) 
were fed together was practically identical with the sum of the specific dynamic 
effects obtained when each of the foodstufis was fed separately. Although the 
data of MvRurx and Lusk appear quite conclusive, it is possible that the deduc- 
tions may have been erroneous, since the calculations were based only upon a 
2-hour peried (at which time the specific dynamic acticn was believed to be at a 
maximum) rather than upon the entire period during which the effect was 
exerted. Moreover, one might likewise question whether or not the period of 
maximum extra heat production might have been modified when the three 
foodstufis were given together, since the presence of fat might be expected to 
alter the rate at which protein and carbohydrate could be absorbed. 

In their studies on rats, ForBEs and Swirr'*® have overcome these criticisms 
by determining the heat production over the entire period during which the 
dynamic effects were being exerted. The new procedure, according to these 
workers, is more representative of common nutritive practice, as compared with 
the measurement of the dynamic effects of single-test' meals.- Moreover, the 
results are more significant, and are probably more accurate, inasmuch as they 
are determined as differences between the amounts of heat produced at estab- 
lished levels of metabolism, without concern as to the beginning, maximum or 
termination of the specific dynamic effects of a single meal. Finally, no confusion 
arises in regard to the dynamic effects of the catabolized body nutrients. 
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The specific dynamic effects per 1000 calories were found to be as follows 
when the foodstufis were fed separately to rats: beef protein, 323 calories; 
glucose, 202 calories; and lard, 160 calories. When glucose and protein were 
fed together, the response obtained agreed quite closely with the additive effects 
of the two foodstuffs calculated from the previous figures for the quantities of 
each foodstuff fed. On the other hand, whenever lard was fod, the calculated 
values were always considerably greater than those actually found. Thus, when ~ 
beef protein and lard were fed simultaneously, only 113 extra calories were 
produced per 1000 calories fed, compared with a computed value of 244 calories. 
This sparing effect was likewise noted to a somewhat lesser degree when fat was 
fed with glucose alone or with glucose and protein. It would appear that fat 
was the only one of the three foodstuffs to exhibit this so-called “associative 
dynamic effect.”” A graphic presentation of the data of ForBes and Swirr'®® js 
given in Fig. 4, while Table 6 supplies a breakdown in the partition of the 
average daily intake of energy by the rat. 


Table 6. Partition of average daily intake of energy per rat 
during 70 days‘) 


Diets containing fat at levels of 


10% 30% 


Energy intake, calories: 


Gross 

Protein . 
Carbohydrate 
Fat ‘ 


Metabolizable calories 


Energy output, calories: 
In faeces 
In urine 
As heat . 


Energy retained, calories 


The decreased expenditure of total calories which occurs when fat replaces 
carbohydrate in isocaloric diets is sufficient to account for the greater efficiency 
with which high-fat diets are utilized for growth, as compared with low-fat diets. 
Although the authors do not pose an explanation as to the cause of the effect of 
fat on specific dynamic action, it is possible that the prolongation in the absorp- 
tion period of protein and carbohydrate would lessen the maximum concentra- 
tion of these components, and thus reduce their specific dynamic action. 
Fores ct al.‘ suggest that it is thus not necessary to diminish the protein 
content of the diet during hot weather in order to ensure a low heat increment; 
rather one need only substitute fat for some of the carbohydrate. However, 
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there is no proof that fat exerts an “‘associative dynamic action” in man as it 
does in the rat. ' 


SEEF PROTEIN 


CERELOSE 
1000 


323 202 


CERELOSE 432 
BEEF PROTEIN S68 


CERELOSE 
LARD 


495 
$05 


EXPER. 238 |COMP. 272 
| EXPER. 119 | COMP, 183 


BEEF PROTEIN $63 CERELOSE 300 
LARD 437 BEEF PROTEIN 394 
LARD 306 


| exrer JCOMP. 244 EXPER, 181 |COMP. 231 


Fig. 4. Dynamic effects per 1000 calories of gross energy of nutrients as affected by 
nutrient combipation.'*® 


5. Sexual maturity as related to dietary fat 


Although sexual maturity is not as obvious an indication o* growth as gain-in- 
weight, nevertheless it is a factor which must necessarily be dependent upon 
- this physiological change. The completion of sexual maturity can be determined 
with reasonable precision in the female rat from the opening of the vagina. The 
time at which sexual] maturity occurs has not ordinarily been considered as one 
of the indices of nutrition, but there is no reason why it should not afford a 
satisfactory indication of this state. 
In the experiments of DEVEL and co-workers,"*®) it was shown that, whereas 
normal female rats did not become sexua!ly mature, on a fat-free diet, until they 
were approximately 8] days of age, maturation took place as early as 70 days 


Table 7. The effect of fat level in the diet on the time when sexual maturity 
develops in the female rat 


| 


Average time in days to maturity after start 
of ad libitum /ceding in diets containing: 
Previous diet 


| 
0% fat | 5% fat | 10% Jat 20% fat | 40% fat 


Normal! rats, 3 weeks old at start, on 
diets ad libitum from weaning'‘®® 


Restricted rats, 15 weeks old at start, \ 
after 12. weeks on restricted calories, ji _ 14-7 11-9 10-5 
and then given diets ad libitum‘ 7; 


LARD 
19000 
Bras? 
- 
i 
¢ 
4 
| 
| 
| 
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after birth in the group receiving 5% of fat in the diet, and at 65 days in the 
animals receiving the 40°, fat regimen. In rats which had received calories 
restricted sufficiently to prevent appreciable growth over a 12-week period 
following weaning, sexual maturity did not obtain in any case, irrespective of 
the amount of fat in the diet. However, when the rats had been allowed to 
consume the diet ad libitum, sexual maturity occurred most promptly in the 
rats on the 20% fat ration, followed by those on the 40° fat regimen. The data 
are summarized in Table 7. 


4. Pregnancy and Lactation as Indices of tae Nutritional Value of Fat 


The opinion is practically unanimous among nutrition workers that pregnancy 
offers a better index of the nutritional value of a diet than does growth alone. 
It is also generally agreed that a still more precise evaluation of the nutritive 
value of a foodstuff may be obtained from an examination of the response of 
lactation. 

A number of different workers have reported that reproductive failure 
invariably ensues in rats raised to maturity on fat-free dicts.2°-—'™ After a 
prolonged gestation period and excessive vaginal bleeding, the young are 
generally born dead, or they die shortly after birth. However, QUACKENBUSH 
and his co-workers) found that, if the female rats on the fat-deficient diet 
were given as small un amount as 100 mg of ethy! linoleate 3 weeks before they 
were bred, a normal gestation period was noted, and up to 83%, of the young 
were weaned. KtuMMEROW and associates" reported that, when the fat-free 
diet was replaced by 5%, hydrogenated fat, the animals gave birth to living 
young which did not live more than 72 hr; however, when the diet contained 
5% of corn oil, 85% of the young were weaned. The mothers and newly-born 
young were deficient in arachidonic acid, but not in fat per se. The main 
differences occurred in the phospholipid fraction of the young. After corn oil, 
the phospholipids in the young contained 5 to 10 times more arachidonic acid 
than did those from rats on a fat-iree diet. The phospholipids from rats which 
had received hydrogenated fat contained twice as much of the acid as did those 
from the rats on a fat-free regimen. 

Although it is obvious that marked differences obtain in pregnancy and 
lactation on fat-free diets, as contrasted with the results on fat diets, it is some- 
what more difficult to denonstrate variations in these physiological functions 
when different levels of dietary fat are fed. Thus, no differences in reproductive 
and lactation performance could be noted in normal rats receiving 5 to 40% of 
fat. The results in all cases were found to be superior to those obtained on a 
fat-free diet.) However, when rats were first subjected to a 12-weck period of 
undernutrition followed by an ad libitum feeding period, ScuEER et al.‘ 
reported that the best performance (both in the number in the litter and in the 
weaning weights) was obtained in the group receiving 40°% of cottonseed oil in 
the diet. The data based upon these experiments are recorded in Table 8. 

Although the weaning weights of the individual rats do not exhibit very great 
differences, the total litter weight of the rats receiving the 49% fat diet is 


120 


7 


Work Capacity as an Index of the Nutritional Value of Fat 


Table 8. Reproductive performance of female rats recovering froma 
period of undernutrition’™ 


Diet Average | Average litter weight | Average rat weight 
number 
va "lee 
Number | hitter 3 days | 21 days | 3days | 21 days 
% gm gm gm gm 
60b* 0 5-3 47-6 152 8-9 26-1 
61 5 6-8 47-7 219 7-1 32-4 
62 10 7-7 64-3 167 8-4 27-8 
63 20 8-5 8 230 7-2 31-8 
64 40 8-9 72-3 283 8-1 30-6 


Containing linoieic acid. 


approximately twice that of the rats receiving the fat-free diet supplemented 
with linoleate. Confirmation of the improved effect of high-fat diets on preg- 
nancy was obtained by SCHEER ef al.‘*) in another series of tests in which adult 
rats were first subjected to caloric restriction to such a degree that the animals 
lost approximately one-half of their body weight over a 12-week period. After 
this interval, the animals were continued on the diets containing the several fat 
levels, but the food was given ad libitum. Breeding tests were conducted im- 
mediately following recovery. The following percentage of fertility was noted 
in the groups on the several.diets: 0°% fat, 20%; 5% fat,0%; 10% fat, 20%; 
20% fat, 80%; and 40% fat, 80%. However, in no case were the mothers able 
to raise their progeny to the age of 2! days. 

The evidence afforded by a number of types of experiments would seem to 
indicate the great importance of fat in rendering norma: pregnancy and lactation 
possible. To what extent this favourable effect is to be traced to the essential 
fatty acid content of fat is not known. Although a 5% cottonseed oil diet would 
provide more than the required linoleate for the female rats, the best perfor- 
mances in pregnancy and lactation have been recorded when 20% or 40% 
cottonseed oil diets were given. Therefore, it would appear that some factor in 
fats, in addition to the essential fatty acid content, is responsible for their 
beneficial effect under these conditions. 


5. Work Capacity as an Index of the Nutritional Value of Fat 


Although carbohydrate hes long been regarded as the main source of energy for 
muscular exertion, a number of observations indicate that fat may play an even 
more important role in this physiological function. KrocH and LiypHarD®® 
reported, many years ago, that work could be accomplished by man approxi- 
mately 10% more efficiently when carbohydrate served as a source of calories 
than when fats were exclusively metabolized. On the other hand, these results 
entirely contradicted the exhaustive studies of ANDERSON and Lusk," which 
were carried out with dogs. The latter investigators reported that, from a 
caloric standpoint, dogs ran with equal efficiency in the respiration calorimeter, 
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irrespective of whether they had a Respiratory Quotient of 1-0 and so were 
using carbohydrate almost exclusively, or whether they had a non-protein R.Q. 
of approximately 0-71, which would indicate that fat was being used almost 
exclusively. The latter condition was attained after a 13-day fast. In view of 
the conflicting data of these two groups of investigators, the question of the 
source of fuel for muscle work can still not be considered as a settled problem., 
Either species difference accounts for the variation (and this would seem 
improbable), or the conditions in one of the experiments were not adequate for 
testing the hypothesis. 

More recently, the problem has been reinvestigated, using total working 
capacity as the index for comparison. When rats receiving diets containing 
several levels of cottonseed oil or margarine fat were subjected to exhaustive 
swimming tests, it was found that those on the higher fat levels had a greater 
capacity for work. The procedure for testing physical capacity, as developed by 
Scneer, Dorst, Copie, and SovuLe,°) was employed. This involved the 
determination of the duration of the rats’ capacity for swimming when increasing 
loads were given to them at successive 3-minute intervals. A!l animals had been 
adjusted to the same specific gravity before the start of the test. The results of 
these tests are summarized in Table 9. 


Table 9. The effect of fat level of the diet on the working capacity of rats, 
as determined by a swimming test'®®) 


Duration of swim in seconds on diets containing the following 
per cent of fat (by weight):* 


62 Stock 63 
10% | 14% | 20% 


Margarine fat diet 


Male 485 806 1174 | 1065 | 876 | 1122 
(23) (10) (8) | (25) | (4) | (10) 


| | 


* The figures in parentheses represent the number of experiment: included in the average. Values in italics 
were shown to be statistically greater than those on diets tWa and 60b. 


The work capacity was shown to be statistically greater in most cases in which 
there were sufficient tests to support this mathematical evaluation on the fat- 
containing diets, as contrasted with the performance on the fat-free regimen. 
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Sez 
dict | 60a | 60b | 61 65 | 64 | 66 
0% | 9% 5% | 30% | 40% | 50% 
Cottonseed oil diet 
Female . 6 512 580 802 1025 | 1062 922 
: (5) (5) (6) (5) (4) (5) . (3) o 
| 
Male . .| 6 | 805 | 692 | 1019| 921 | 955 | 12923) — | 1148] — 
ao (5) | (5) | (5) | (5) | (4) | () (5) = 
Malo .  .| 12 | 645 |-637 | 769 | 850 | 108¢| 846 | — | 1068) — 
(20) | (19) | (19) (17) | (19) | (19) (15) 
| 
| 
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Furthermore, longer periods of work were noted in some cases in which higher 
fat diets were used than when the fat was present in lower amounts. Thus, it 
was found that the rats receiving the 20% level of margarine fat (diet 63) did 
bett: - than those on the 10% level (diet 62) which, in turn, had a statistically 
greater physical capacity than did the animals on the fat-free diet (diet 60a).(*®) 
J , later experiments by SCHEER and collaborators,” it was shown that physical 
.apacity decreased markedly when the caloric intake was severely restricted. 
Under such conditions, the level attained was independent of the fat content 
of the diet. 

SaMUELS, GILMORE, and RErvecKE®) have compared work capacity and 
survival of rats during fasting, following a 28-day period throughout which the . 
rats had received diets containing 80% of the calories from fat, carbohydrate, or 
protein. Not only was spontaneous activity in general greater in the case of the 
rats which had previously received the fat diet, but also the total forced activity 
in this group greatly exceeded that in the other groups. The latter phenomenon 
is partly to be ascribed to the longer period of survival by the fat-fed group. 
These data are summarized in Table 10. 


Table 10. Effect of previous diet on sponianeous and forced activity and 
on the period of survival of rats during fasting'*®) 


Previous diet* 


Category 
Carbchydrate 


Spontaneous activity, cage 
revolutions: 

24 days . -| 6730 + 915 (12) 4040 + 411 (16) | 3600+ 262 (7) 

9-1] days . -| 8800 + 1020 (13) | 8660 + 1017 (14) | 7220+ 500 (4) 

16-18 days . ° -| 7960+ 738 (7) 8650 + 0000 (3) a (0) 


Forced activity, cage 
revilutions . a -| 19700 + 1780 (12) | 13800 + 1630 (14) | 6465 + 1650 (9) 


Survival time, days . 183 +4 0-44 (12) | 15-5 + 0-46 (13) | 10-2 4 1-68 (9) 


nm Standard Error of the Mean. The figures in parentheses designate the number of the rats in 
each group. 


6. Survival Timie as an Index of the Nutritional Value of Fat 


The length of life and the duration of survival during fasting are two nutritional 
indices which are of importance in the evaluation of the nutritive value of a 
foodstuff. Although there are no data available to answer the question as to 
whether or not the high-fat diets have a superior effect on longevity as compared 
with other foodstuffs, the recent experiments of SamMvUELS, GILMORE, and 
ReErmecKeE'’® have indicated that fat is the best protective foodstuff in prepara- 
tion for a subsequent fast period. When rats were fed on diets containing 80% 
of fat, carbohydrate, or protein for 28 days prior to fasting, the survival during 
the period of inanition was statistically greater when the pre-fast diet was fat 
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than when it was carbohydrate, while the latter foodstuff was again distinctly 
superior to protein as judged from the survival time. These data are sum- 
_ marized in Table 10. The longer survival time following pre-feeding with fat, as 
compared with that after the administration of protein or carbohydrate, is 
probably to be traced to the fact that a metabolic pattern is developed during 
the pre-inanition period, when fat is given, which is especially favourable for a 
prolonged survival. Samve ts et al.‘ showed that a marked sparing action 
affecting the protein metabolism obtained during the fasting period when fat 
had been the previous food, as compared with that when the pre-inanition 
regimen bad consisted of carbohydrate.2% RoBERTS and SAMUELS‘), (110) 
reported that rats which had become accustomed to a high-fat diet had a 
markedly lower susceptibility to insulin injection than did animals which were 
receiving a high-carbohydrate ration. This resistance to insulin on the part of 
the fat-fed rats was ascribed to a prolonged retention of liver glycogen in these 
animals; it was later suggested"™ that rats on a diet in which 85% of the 
calories are derived from fat develop a sparing action for liver glycogen. In 
support of this theory, it was found that hepatectomized rats which had 
previously received a fat regimen were free from hypoglycemic symptoms for a 
longer period after the operation than were rats which had received a high- 
carbohydrate diet prior to the removal of the liver. 

In experiments on isolated tissues, GILMORE and SamMvets'®) noted that « 
difference in glucose utilization obtained in tissues removed from animals 
previously on the fat diet and from rats in which carbohydrate had been the 
pre-fasting regimen. These experiments support the earlier data of LUNDBAEK 
and STEVENSon,"!2) who reported that the diaphragm of a carbohydrate-fed rat 
utilized glucose tn vitro at approximately twice the rate which occurred in the 
muscle of the fat-fed rat, when both tissues were immersed in a glucose medium. 

TEMPLETON and ErsHoFF'!!*) investigated the relative influence of the several 
foodstuffs on survival, making use of another procedure. When the stress 
employed was thyroxine, it was found that rats fed fat (margarine fat) or carbo- 
hydrate (sucrose) lived appreciably longer than those which received protein 
(casein). No significant differences were noted in control tests when saline was 
injected instead of the thyroxine solution. Moreover, when another stress was 
used, namely a low temperature, and the rats on the several diets were exposed 
to an eavironmert of 2°C, the fat-fed and carbohydrate-fed rats had greater 
resistance than did the protein-fed animals. On the other hand, no difference 
related to diet was observed when the temperature to which the rats were 
exposed was 23°C. 


7. The Effect of Dietary Fat on Vitamin Requirements 


1. Thiamin and fat 


It has long been recognized that the metabolism of thiamin and that of fat are 
interrelated. As early as 1928, Evans and LerKovsky“): discovered that, on 
diets adequate except for their content of vitamin B,, the onset of polyneuritic 
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symptoms was retarded on high-fat diets; on the other hand, when high- 
carbohydrate diets were employed, polyneuritis developed at an accelerated 
rate. Proof that the behaviour of fat is a generalized effect was afforded by the 
fac. that many vegetable and anima] fats were found to be equally efficacious in 
retarding the onset of polyneuritis. Thus lard, coconut oil, synthetic coconut 
oil, hydrogenated coconut oil, partially hydrogenated cottonseed oil (Crisco), — 
cottonseed oil, and perilla oil were all effective.45), (6 The only fat which did 
not possess a thiamin-sparing action was hydrogenated perilla oil; this product, 
which melted at 67-5°C, was believed to be inactive, because of its low 
digestibility. 

In addition to digestibility, several other factors are of importance as related 
to the sparing action on thiamin. In the first place, unsaturation per se does not 
seem to play a role, except when complete saturation of a fat is associated with 
its defective absorption, as has already been mentioned. Thus, Evans and 
LeprKovsky™® found that fats having an iodine number of only 8 spared 
thiamin as effectively as did a highly unsaturated oil with an iodine value of 187. 

-Such saturated triglycerides as tricaprylin and trimyristin were found to be 
very effective in sparing vitamin B,, although tristearin was inactive.™*) The 
latter fat is now known to be practically unabsorbable by the rat.(2®, (2% 
According to Evans and Lerkovsky,"?® neither the precise melting point nor 
the degree of saturation of the several other natural fatty acids appears to 
influence this activity. On the other hand, Satmon and GoopmMan"*® demon- 
strated that the variations in the thiamin-sparing action could be demonstrated 
in synthetic esters of the fatty acids; the maximum vitamin-sparing action was 
found with the C,-fatty acid ester. 

In addition to the fact that the symptoms of polyneuritis are delayed in rats 
by the presence of fat in vitamin B,-free diets, it has also been shown that other 
symptoms associated with thiamin deficiency are retarded by this dietary 
procedure. Thus, MacDonaLp and McHENRy"*) were able te demonstrate, in 
1940, that the onset of bradycardia, which is characteristic of thiamin deficiency 
in the rat, was ulsv postponed when fat was included in the diet. It was likewise 
shown that another symptom of thiamin deficiency which is typical of the poly- 
neuritic syndrome, namely the augmented excretion of bisulphite-binding sub- 
stances, is also modified by the presence of fat in the diet.“*°-1* This latter 
effect does not appear to be caused by an interaction between the fat and thia- _ 
min in the intestine, since it is also observed when the thiamin is administered 
parenterally."?" Later experiments of BaNErs1 and Yupkix“**) demonstrated 
that kidney slices from rats on different diets invariably showed a defective 
oxidation of pyruvate, which could be corrected by the addition of thiamin to 
the respiring tissue. This condition obtained irrespective of the diet of the rat 
from which the tissue had been 1emoved. It is therefore evident that the 
behaviour of fat in inhibiting the production of the pyruvate (bisulphite- 
binding) compounds is to be attributed to a decrease in the mc%abolism of the 
substances from which the compounds are derived rather than to an altera- 
tion in the pathway followed by their oxidation. According to MELNICK 
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and Fieip,"*5) fats which show the sparing action do not contain any 
thiamin. 

Apparently the presence of fat in the gastrointestinal tract can influence the 
bacterial synthesis of thiamin. Thus, Warerte and Cuvurcn'!2®) were able to 
show that, un a thiamin-deficient diet, the faeces of rats contained some thiamin 
if lard was incorporated into the diet. However, when the lard was omitted, 
from the ration, the thiamin activity of the stools was completely lost. In 
human subjects, carbohydrate ingestion has been shown to cause a decrease in 
the output of thiamin in the urine, which would seem to indicate that a greater 
utilization of thiamin occurs under these conditions. On the other hand, in 
spite of the fact that a high-fat diet reduces the thiamin requirement in experi- 
mental animals,'‘*, (127), (128) jt has been impossible to demonstrate that such 
increases in fat consumption augment the urinary excretion values of this 
vitamin. (12, (130 

In later work, WHIPPLE and Cuurcn"" have adduced evidence to indicate 
that thiamin has a function in the synthesis of fatty acids from carbohydrate. 
The demonstration that this transformation is continually taking place may be 
attributed to SCHOENHEIMER and RITTENBERG,'"*) who carried out experiments 
in mice, using tracer substances. These authors have shown that there is a rapid 
turnover not only of the phosphorus-containing lipids of the kidney and liver 
but also of the fat deposits; this necessitates a continuous conversion of carbo- 
hydrates into fatty acids under normal dietary conditions. If, when fut is fed, 
the extent of the carbohydrate — fat conversion is reduced, one might naturally 
expect thiamin to be spared. SCHOENHEMER and RitTENBERG"*) look on the 
carbohydrate — fat change as a normal physiological method whereby the 
nutrients are stored until needed for oxidation. Inasmuch as food is taken only 
at intervals in the case of most animals, it must be deposited for a short period 
before it is further metabolized. Since there are insufficient facilities for storing 
the excess carbohydrate as glycogen, most of the excess carbohydrate is im- 
mediately changed to fatty acids. These are temporarily laid down in the fat 
depots, to be utilized for absorption during the post-absorptive periods. 


2. Riboflavin and fat 
The interrelation between fat and riboflavin (vitamin B,) is not as clear-cut as 
in the case of thiamin. Evans et al." suggested in 1934 that fat has no sparing 
action on the riboflavin requirements in the rat comparable to that observed 
with thiamin. On the other hand, MaNNERING and his co-workers"), 54) have 
postulated that actually more riboflavin is required by rats when they are 
receiving a high-fat diet than when they are on a low-fat ration. A possible 
explanation jor the augmentation of the riboflavin requirement in the presence 
of high-fat diets, which has been suggested by ELVEHJEM,"!®) is that the intes- 
tinal synthesis of riboflavin is inhibited when fat is substituted for dextrin in 
the diet. On the other hand, Czaczkes and GUGGENHEIM"*® reported that rats 
maintained on a low-protein dict excreted so much riboflavin that they failed to 
maintain a functional level in their tissues, and ultimately died of ariboflavinosis. 
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When the protein or fat content of such diets was increased, the excretion 
of riboflavin was reduced, while a decreased fat content increased the excretion. 
These authors attribute such variations to differences in the extent of synthesis 
of th 3 vitamin in the intestinal flora. It was shown that rats on high-protein 
and high-fat diets need at least twice as much riboflavin for the maintenance of 
te riboflavin level in the organs and in the urine as do rats kept on a “normal” 
c.iet. PoTTER and associates"!*”) have been unable to show a similar increase in 
riboflavin requirements on high-fat diets when puppies were the experimental 
animals. 

Fat has been shown to have a stimulatory effect on the growth of bacteria, as 
demonstrated by microbiological methods for the determination of ribo- 
flavin.(239), (139) 


3. Pantothenic acid and fat 


Deficiencies in pantothenic acid, pyridoxine, and essential fatty acids result in 
the production of forms of dermatitis which are similar in appearance. According 
to Satmon,"*) the actions of all of these essential components are related, and 
all three are required to cure the dermatitis caused by pantothenic acid 
deficiency. 

Stotz*) has suggested another role for pantothenic acid. According to this 
mvestigator, the vitamin in the form of a co-enzyme A, called co-aeetylase, may 
be involved in fatty acid synthesis. The presence of this enzyme, now known as 
“acetylase,” was first proved by Lipmaxn and collaborators.“*) These workers 
are of the opinion that acetylase is imaportant both in pyruvate and in acetate 
metabolism.‘), Moreover, Soopak and have deduced proof 
that the co-enzyme A is required for the formation of acetoacetate. All these 
considerations lead one to the conclusion that pantothenic acid is of importance 
in the biosynthesis of fat in the animal body. The amount of this vitamin re- 
quired is obviously a function of the amount 2nd type of fat in the diet. 

In the microbiological] assay for pantothenic acid, fat exbibits the same 
stimulating effect that it does in the case of the assay for riboflavin.“). © 


4. Pyridoxine (vitamin B,) and fat 
A close relationship exists between the requirement for fat and for pyridox- 
ine. () As has already been mentioned, the skin symptoms which originate 
when essential fatty acids are absent from the diet are similar to those which 
have been noted in pyridoxine deficiency. Brrcw and Grérey™ have shown 
that the dermatitis which cccurs on a diet low in pyridoxine but containing 
10°% of fat can be cured when small amounts of lard are added. In fact, some- 
what later Brrcn"*® was able to show that the eddition of fat to the diet 
delayed the onset of dermatitis produced by a pyridoxine deficiency. In some 
cases, it completely prevented the skin condition, even up to the time of death. 
SaLmon,"47) Jikewise, demonstrated that vitamin B, and fats supplement each 
other in curing dermatitis. Most of the evidence indicates that the effectiveness 
of the fat is directly proportional to its degree of unsaturation and thus 
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presumably to the essential fatty acid content. The latter explanation might 
readily account for the fact that lard, which ordinarily has a relatively high 
essential fatty acid content, will be effective in alleviating pyridoxine deficiency, 
whereas butter, which has a relatively low essential fatty acid content, is 
somewhat less efficacious. SCHNEIDER'!*® attributed the low anti-dermatitis 
potency of rancid butter to the destruction of its linoleic acid. . 

A number of workers have demonstrated that all commonly occurring essential 
acids are effective in curing pyridoxine deficiency. Of these several acids, 
linoleic acid appears to be the most effective,*” whereas both linolenic acid and 
arachidonic acid have been shown to be less satisfactory in clearing up the 
dermatitis. Satmon,"*” and SCHNEIDER and co-workers," agree that linoleic 
acid possesses a greater potency in this respect than does linolenic acid. They 
point out that the effectiveness of several natural fats in clearing up the acro- 
dynia is in proportion to their linoleate content. Corn oil was shown to have a 
greater activity than linseed oil; other fats exerted a curative effect proportional 
to their linoleate content, while cod-liver oil was completely ineffective. 
According to RicHarpDson al.,9° methyl arachidonate and linoleic acid 
were useful in clearing up the dermatitis caused by pyridoxine deficiency, but 
did not afford permanent protection. The latter workers suggest that the 
unsaturated acids do not replace pyridoxine but simply delay the onset of the 
skin symptoms. 

Sarma and associates"*”) have shown that the growth inhibition in rats 
caused by feeding diets containing suboptimal amounts cf pyridoxal or pyri- 
doxine is accentuated when oleic acid is added to the ration. However, this 
inhibitory effect of oleate can be counteracted by the administration of addi- 
tional quantities of vitamin B;. Non-essential fatty acids have been shown to 
increase the deficiency symptoms in the rat. Thus, the administration of hydro- 
genated coconut oil"*-'! to rats suffering from fat-deficiency symptoms 
resulted net only in greater loss in weight but also in a more rapid mortality. 
Elaidin has likewise been shown to accentuate this essential fatty acid 
deficiency.“® 

The question which naturally arises is whether or not the essential fatty acid 
and pyridoxine deficiencies are entirely similar. Although MEDEs and co- 
workers™5 emphasized the interrelation between the two types of deficiency, 
their results might be interpreted to mean that two different factors are involved. 
Thus, when the diet was lacking in both of these components, a relief from the 
deficiency was obtained by the administration of either ethyl linoleate or 
pyridoxine. However, the resulting growth response was less with maximum 
amounts of ethy! linoleate than it was with optimum doses of pyridoxine. Best 
results were obtained when both of these components were included in the diet 
simultaneously. 

One possible explanation of the importance of pyridoxine in fat metabolism 
is that this factor is required by the mammal in the synthesis of fat from 
protein.2%) Umbreir and have demonstrated that vitamin 
B, is one of the essential steps in the production of fat from carbohydrate; 
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the importance of this vitamin in fat synthesis is therefore immediately 
evident. 


5. Niacin, folic acid, biotin, and fat 
It has long beeen known that both niacin and folic acid are synthesized in the 
inte tine of the rat. ELVEHJEM*) has shown that the rate of this synthesis is 
ace:Jerated on a diet containing fat. He reported that butterfat had a greater 
value than did corn oil. 

In addition to its sparing action on thiamin and pyridoxine, fat exerts a 
similar action on niacin. According tou Satmon‘®), “47) the requirement for 
nicotinic acid is lower when fat is the chief source of calories than when the diet 
is predominantly carbohydrate. 

It now appears evident that biotin likewise exerts a pronounced effect on fat 
metabolism. As early as 1927, Boas*® reported that practically no body fat 
was present in the tissues of rats which had suffered severe biotin deficieacy. On 
the other hand, the administration of this vitamin to rats increases fat synthesis; 
it will likewise provoke a fatty infiltration of the liver.“5”) These fatty livers 
have a high cholesterol content and resemble those occurring after the feeding 
of a fraction from beef liver.“ Pavcrek and have demonstrated that 
biotin is readily destroyed by rancid fats, but that tocophero] is an excellent 
protective agent to prevent this destruction. It has been suggested that biotin 
is changed to biotin sulphoxide when this inactivation takes place.“ The 
resulting biotin compound no longer supports the growth of Lactobacillus casei, 
although it can still stimulate the growth of yeast.“°® Biotin plays a major role 
in the growth of micro-organisms. In most cases, the requirement varies with 
the amount of oleic acid or other unsaturated acids present in the medium. This 
subject is discussed in a later section (sce p. 137). 


6. Fat-soluble vitamins and fat 


Since fats are excellent media for the solution and stabilization of the fat- 
soluble vitamins, it is ebvious that the quality and quantity of fat in the diet 
are of prime importznce in the absorption of these vitamins from the gastro- 
intestinal tract. 

In the case of vitamin A, MUELDER and Ketry”™) have shown that the 
absorption of the vitamin by depleted rats was aided by dietary fat, although 
its subsequent utilization was independent of the level of this foodstuff. On the 
other hand, it was shown by RussE.t and collaborators"*® that the utilization 
of vitamin A in the chicken was not related to the fat level of the diet, althongh 
the absorption of carotene was dependent upon the presence of this substance. 

Although, under most conditions, preformed vitamin A has been considered 
to have the same biological value when administered as the ester or as the free 
aleohol,“® WEEK and SEviGNE"*®-!®) have reported a number of instances in 
which this was not the case. Thus, when difficultly absorbed oils or waxes were 
employed as the dilnents, vitamin A was invariably best utilized when given in 
the form of the free alcohol. When vitamin A deposition in the livers of chicks 
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was used as the criterion of vitamin A utilization,“™ the results were practical y 
identical when cottonseed, corn, sardine, or castor oil was the diluent, irrespec- 
tive of whether vitamin A was fed as the alcohol or as the acetate. On the other 
hand, when the solvent was basking shark oil, sardine oil, jojoba seed oil, ethyl 
laurate, or mineral oil, the acetate was considerably less readily utilized than 
was the free alcohol. In all cases, the natural vitamin A ester was definitely 
inferior to the other two forms of vitamin A employed in these tests in causing 
vitamin A deposition in the liver of chicks. Table 1] gives a summary of these 
interesting results. 


Table 11. The average storage of vitamin A in the livers of vitamin A-depleted 
chicks after the feeding of 30,000 units of vitamin A in the form of alcohol, 
acetate, or natural ester, in three divided doses with several diluent oils“®) 


Vitamin A per liver after Vitamin A stored after 


| 
Alcohol | Acetate | — | Alcohol | Acetate 
| 


Natural 
ester 


Vitamin A fed in 3 doses of 2 ml each with concentration of 5000 units/ml 


| units 
Basking shark | 2390 
Corn | 5970 
Ccttonseed | | 6830 
Ethyl laurate . 4240 
Jojoba seed . ‘ 477 
Mineral oil j 2160 | 
Sardine oil 3960 


units 


Vitamin A fed in 3 doses of 0-1 ml each with concentration of 100,000 units/ml 


Corn , ; | I 10380 | 11690 | $320 34-6 39-0 
Jojoba seed ‘ : II 9170 10490 8400 30-5 35-0 


’ * Control tests on chicks given each diluent oi] without vitamin A yielded negative results for vitamin A in 


the liver in all cases. 
t Series I, New Hampshire chicks, 52 days old, 10 chicks per group; Series II, white Leghorn cockerels, 
56 days old, 12 chicks per group. 


A somewhat similar situation obtains in the rat, as was shown by later tests of 
WEEK and SeEvicNe.“&) Only 0-4 ml doses of the solutions were employed in 
this case, as compared with 2-0 ml in the chick tests. Although no differences in 
the degree of utilization of vitamin A were noted when it was given as the free 
alcohol or as the acetate, respectively, a markedly inferior response occurred 
when the vitamin A was administered as the natural ester in jojoba oil. Finally, 
in unpublished experiments of the author,?* it was found that vitamin- 
depleted rats exhibited less growth, during a 28-day bioassay period, when 
vitamin A was administered as the natural ester in jojoba oil than whea vitamin 
A alcohol was used with this solvent. In cases in which cottonseed oil was 
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Diluent oit® | | 

ball 

| 
units | % | % | 

isso | 15-0 | 63 

; 5090 | 27-4 26-7 | 170 

4940 | 23-8 19-9 16-5 

7120 | 35-6 32-6 22-8 

5320 | 25:0 | 22-8 17-7 

| 3660 29-4 14-1 12-2 
2440 32-8 15-9 8-1 
1465 16-2 7-2 4:9 
| | 1390 13-1 | 13-2 4-6 Fe 
28-C 
| | | | | | 

| 
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employed as the diluent, no differences in growth response were observed when 
different forms of the vitamin were employed. 

It has recently been demonstrated that the action of vitamin A may be 
condit*»ned by the form in which it is administered, in the case of human sub- 
jects. WEEK and SEvicNE"®) concluded, on the basis of vitamin A tolerance 
cu’ res in the blood, that the rate of absorption of vitamin A by male subjects, 
af_er 134,000 ug of vitamin A had been given in 50 gm of margarine, was best 
with the alcohol, somewhat less satisfactory with the acetate, and poorest with 
a mixture of natural esters. The experiments with female subjects showed that 
the vitamin A alcohol was significantly better than the acetate but not superior 
to the natural ester. 

The utilization of 8-carotene by the rat depends upon the solvent in which it 
is fed.06), 06) Fraps and MEINKE,"®) using a liver storage test, found that 
carotene was less readily utilized when present in vegetables than when fed as a 
component of cottonseed oil. KrevLa and VirtaNen"”) found that, in the case 
of human subjects, the absorption of carotene from carrots was less efficient 
than that from butterfat. ef reported that f-carotene is 
efficiently utilized by the chick only if fat is also present. According to BuRNs 
et al.,2")) both carotene and vitamin A were more effective in the rat when fed 
with a diet containing 5% of lard than when given with a fat-free diet which was 
supplemented with 0-1 gm of eorn oil daily. The utilization of carotene by rats 
has been shown to be improved by incorporating it in margarine.“ It is 
suggested that this latter effect is potentiated by the emulsifying agents present 
in this product. 

It has long been known that the presence of mineral oil in the diet has a 
deleterious effect on the utilization of some of the fat-soluble vitamins. Some 
interference may obtain in the utilization of vitamin A,“ while the depressing 
efiect on the absorption of carotene is greater.74) Burns and associates“ 
have noted a decreased utilization of carotene when as small an amount as 
0-08% of mineral oi] was present; some effect on vitamin A utilization obtained 
when the level of minerai oil in the diet was increased to 0-16%. When 0-32% 
of mineral oil was incorporated in the diet, the utilization of vitamin A and 
carotene could not be improved by increasing the level of dietary fat from 5 to 
10%. It has also been reported that the utilization of vitamins D and K is 
impaired by the presence of petrolatum in the gastrointestinal tract."” Bacon 
and collaborators"!*?) have noted that a retardation in growth obtains within 
2 to 3 weeks when 10% mineral oil is included in a fat-free ration. It is sug- 
gested that this effect is related to the development of an essential fatty acid 
deficiency. 

The hydroxy fatty acids may also have a depressing effect on rats. Thus, 
NIGHTINGALE cf al.“*7*) reported avitaminosis K in rats when dihydroxystearic 
acid triglyceride was incorporated in the diet to the extent of 25%. It is possible 
that the hydroxy acid may interfere with the synthesis of vitamin K which 
normally occurs in the intestine. 

No adequate answer is as yet available to explain the antirachitic effect of 
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fats on rats receiving high-caleium, low-phosphorus, rachitogenic diets, as 
reported by Bootu, Henry, and Kon."“®) These workers found that vegetable 
fats devoid of vitamin D and triglycerides resynthesized from the fatty acids of 
butter and peanut oil exerted an antirachitic effect differing from that of vitamin 
D. It is possible that a differential effect of the several fats on calcium excretion 
via the intestine, as demonstrated by CuENc and her co-workers,!* might offer 
an explanation for this phenomenon. 


8. The Effect of Dietary Fat on Galactose Absorption 


ScHanNTz, ELVEHJEM, and Hart’ first called attention to the fact that a 
galactosuria occurred in rats and other animals when they were fed on a liquid 
skimmed milk diet. On the other hand, it was shown that the excretion of galactose 
did not occur when a whole milk diet was fed. Moreover, when 3 or 4% of fat 
was added to the skimmed milk, the galactosuria was completely prevented. It 
was suggested that fat may play a role in the metabolism of lactose and galactose 
other than by altering its rate of absorption. In a later report, ScHanTz and 
Krewson"®) reported that several synthetic even-chain fatty acids containing 
12 or more carbon atoms were equally effective in preventing galactose excretion 
in the urine. On the other hand, Zratcira and MitcHety'!®) failed to confirm 
the reported effect of fat, as such, on the metabolism of galactose. They likewise 
suggest that there is no reasonable deduction, based upon the available facts of 
animal nutrition, that such an effect would be expected. Corn oil, but not 
butterfat, was found to be able to decrease galactosuria by about 25%, on a 
diet containing 48% of lactose. These workers suggest the possibility that this 
effect may be due to some non-glyceride component in the corn oil. In a later 
communication of the Wisconsin group, GEYER et al.‘18*) extended the earlier 
work, employing skim milk and synthetic diets containing lactose or galactose. 
It was concluded that fat decreased galactosuria, and hence increased the 
utilization of galactose. These conflicting viewpoints of the several observers 
leave the question open as to whether the fat effect on galactosuria originates 
primarily in the absorptive or in the metabolic phase. 

The results of Nrert.and Deve."**) throw some further light on the problem. 
Their data strongly support the concept that the absorption mechanism is 
primarily involved. It is suggested that the delayed evacuation of the stomach 
caused by the presence of fat might slow down the rate at which lactose (or 
galactose) reaches the intestine, and hence might result in a lower galactosemia, 
with a consequent increase in retention. The effect was shown to be unrelated 
to an upset in the rate of hydrolysis of lactose. Moreover, at a 20% fat level, the 
relative effectiveness of butterfat. cottonseed oil, and corn oil in reducing the 
loss of galactose in the urine was found to be identical. Although favouring tlie 
theory that fat acts in the absorptive phase of galactose metabolism, NreFT and 
Deve."®) leave the question open as to whether or not the metabolic phase is 
involved, especially since the latter hypothesis might be an explanation for the 
greater ketolytic effect of galactose as compared with glucose, reported for 
rats") and for man.‘?85) 
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9. Fatty Acids as Required Growth Factors for Bacteria 


1. Oleic acid as a substitute for biotin 


Ther is considerable evidence, based upon microbiological studies, that the 
metabolism of biotin and that of fat are related. On a fatty acid-free medium, 
t’ e growth of most bacveria requires the presence of biotin. However, if oleic 
i.cid is supplied, normal growth may obtain, even in the complete absence of 
biotin. 

CoHEN and co-workers"*®® were the first to report that oleic acid is required by 
bacteria. These workers showed that this unsaturated acid is essential for 
Co,-ynebacterium diphtheriae. It was subsequently demonstrated to be a pre- 
requisite for the growth of Clostridium tetani and Clostridium welchii. WILLIAMS, 
Brogtist, and SNELL"®”? reported, in 1947, that cultures of several types of 
lactic acid bacteria required oleic or linoleic acids, or a combination of both, 
while the even-numbered saturated acids from C, to C,, were completely inactive. 
In the case of Lactobacillus bulgaricus, although oleic acid was found to be 
essential for growth, its growth-promoting action could be observed only within 
a narrow range of concentration and within certain pH limits. A particular 
strain of Lactobacillus isolated from the caecal contents of rats was also shown to 
require oleic acid for growth.“*® This organism could be repeatedly transferred 
on synthetic media only when oleic acid was present. 

WILuiaMs and FIecER"®®) were the first to cal] attention to the similarity in 
the stimulating action of oleic acid and of biotin on Lactobacillus casei. Although 
a maximum growth (as determined from acid production) could be demonstrated 
in the presence of lipids, no synthesis of biotin occurred.“® It was suggested 
that the bacteria adapt themselves to either the biotin-free or the biotin-low 
environment. These results render it doubtful that the fatty acids are concerned 
with the biosynthesis of biotin in the intestine. This agrees with the data of 
OprE,"*!) who reported a relatively constant excretion of biotin in the urine on 
biotin-free diets, while the sudden variations were related to biotin changes in 
the dict. 

Although Lactobacillus arabinosus, L. casei, and Streptococcus faecalis can 
grow in the complete absence of biotin, aspartic acid as well as unsaturated acids 
must be present in the media."*) On the other hand, Brogvist and SNELL) 
noted that unsaturated acids alone were necessary to insure growth in Lacto- 
bacillus fermenti and Clostridium butyricum. The latter organism was shown to 
synthesize aspartic acid when grown in the presence of oleic acid and in the 
absence of biotin. 

It is now believed that the biotin-like component in acid-hydrolyzed plasma 
is an unsaturated acid. Although TraceR"*) believed that this ether-soluble 
substance was a component of the non-saponifiable residue, He*MaNN and 
AXELROD") were unable to confirm this hypothesis. The latter workers 
reported that the biotin-like substance in beef and human plasma occurred 
exclusively in the saponifiable portion of the lipid. When the fraction was 
esterified vith diazomethane, the resulting methy] esters obtained by distillation 
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possessed high biological activity. On a weight basis, oleic acid was shown to 
have about ihe same potency as the plasma distillate. It was also found that the 
liquid acid fraction of the plasma, which contains oleic, linoleic, and arachidonic 
acids, had a greater growth activity for the Lactobacilli than did the original 
fraction, although the saturated acids were also found to have some synergistic 
action. 

There are a number of hypotheses as to the reason why biotin and unsaturated 
fatty acids can replace each other as requirements for bacterial growth. 
TRAGER") concluded that biotin functions in the synthesis of fatty compounds 
or of substances containing fatty acids, such as lecithin. RuBry and SCHEINER"®”) 
demonstrated that biotin is primarily concerned with the synthesis of one or 
more fatty acids. Thus, the latter investigators were able to show that such 
biotin antagonists as homobiotin, trishomobiotin, homobiotin sulphone, and 
trishomobiotin sulphone have no depressing effect on the growth of Lactobacillus 
casei on a biotin-free medium, provided oleic acid is used as a biotin substitute. 
In addition, Wm.1aMs and Fiecer"!*®) noted that avidin, sufficient to combine 
with 1000 ug of biotin, did not prevent lipid stimulation of L. casei in the - 
absence of biotin. This would indicate that oleic acid is not active by virtue of 
effecting a synthesis of biotin. It is therefore apparent that biotin normally 
functions in bacterial metabolism to bring about the synthesis of oleic acid; 
biotin antagonists can have no inhibiting action on growth when the products, 
ordinarily synthesized by the aid of biotin, are furnished in adequate amounts. 

Although oleic acid functions as a substitute for biotin with many bacteria in 
in vitro tests, it does not behave in the same manner in vivo. For example, 
TraGER"® found that oleic acid injected intramuscularly in chicks did not have 
the same effect in reducing biotin deficiency produced by the ingestion of avidin 
(raw egg white) as has biotin or the fat-soluble fraction from hydrolyzed plasma. 
Moreover, WrtLiaMs and Frecer® demonstrated that the lipids from rice 
polishings, which have a biotin-like activity in the case of LZ. casei and L. 
arabinosus, wil] not reduce the biotin-deficiency symptoms in white Leghorn 
chicks. 


2. Comparative potencies of octadecenoic acids 


A large number of isomers of oleic acid, both geometric and positional, can 
serve as adjuncts in the growth of bacteria in lieu of oleic acid. In the first place, 
the trans-isomer of oleic acid, elaidic acid, has been found by a number of 
workers'*°!-205) to possess approximately the same biopotency as oleic acid, 
although AXELROD et al.495) had assigned to it a somewhat lower potency, and 
WILiaMs and FIrcEer™ have reported that it has a somewhat greater effect 
than has oleic acid. 

The location cf the. double bond does not markedly influence the activity 
of the cis-octadecenoic acids. Thus, petroselinic acid (6-octadecenoic 
acid), ‘70?), (263), (205) ¢3.8.octadecenoic acid,’ vaccenic acid (11-octadecenoic 
acid), 200), (205) and cis-12-octadecenoic acid‘ all had about the same growth- 
stimulating action as did oleic acid, although the czs-8 acid appeared to exert a 
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somewhat greater efiect. However, the cis-4-octadecenoic acid has been reported 
to be inactive, as has also the trans-isomer.') 

In addition to the activity exhibited by the cis-octadecenoic acids, the trans 
forms ire, in many cases, equally potent, although marked variations have been 
noted. As reported earlier, elaidic acid is equally as potent as oleic acid. 
H wever, CHENG and associates’) found that elaidic acid possessed the maxi- 
n-um potency of the trans-isomers tested; as the double bond shifted in either 
direction from the 9 position, a reducticn in potency obtained, until at the 6 
position the acids were completely inactive. This was likewise true of 17- 
octadecenoic acid, which forms no geometric isomers. These results are 
summarized in Table 12. 


Table 12. Biotin-like effect of octadecenoic acids and linoleic acid, alone 
and with biotin, using Lactobacillus arabinosus‘?) 


| cis-Acid | trans-Acid 


Biotin equiva- | Biotin equiva- 
dent (my gn:) per, \lent (my gm) per 
Melting | ™g fatty acid ; | mg fatty acrid 


With | 
biotin 
| 


Alone 


6-Octadecenoie acid 
7-Octadecennic acid ‘ 
8-Octadecer.oic acid .; 22-7-23-8 | . 13-4 | 51-5-52-3 
. 10-2 | 44-5-45°5 
41-5-42-5 
| §2-0-52-6 
13-0-14-0 . 4 | 43-5-44-5 
39-0 
12-Octadecenoic acid -| 26-8-27-6 | -4 | 52-0-53-0 
17-Octadecencic ecid* . ., 55-35-56-1 
cis-9, 10-, cis-12, 13-Octadecadienoic | 


9-Octadecenoic acid 
10-Octadecenoic acid 


1]-Octadecenoic acid 


* No geometric isomers of this compound. Included in cis column for convenience. 


3. Comparative potency of other unsaturated acids and related compounds 


AXELROD et al.®5) have found that a number of compounds related to oleic acid 
are likewise effective stimulants for the growth of Lactobacillus arabinosus. The 
following activities expressed in micrograms of biotin per milligram of fatty 
acid were obtained: oleie acid, 6-0; methyl] oleate, 3:2; oleic acid amide, 6-3; 
oleyl alcohol, < 0-05; elaidic acid, 1-0; vaccenic acid, 1:2; dihydroxystearic 
acid (94°C), < 0-05; and dihydroxystearic acid (130-7°C), < 0-05. 

Linoleic acid (9,12-octadecadienoie acid) possesses a high biotin-like acti- 
but it is somewhat lower than that of oleic.%), (203), 05) Linolenic 
acid (9,12,15-octadecatrienoic acid) is likewise effective in stimulating bacterial 
growth, (192), (295), (202), (203), (206) hut its potency is only a fraction of that of oleic 
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acid.4%) Azelaic acid (HOOC(CH,),COOH) and pelargonic acid (CH,(CH,), 
COOH), which are oxidation products of oleic acid, are completely inactive. 

Activity in substituting for biotin obtains with unsaturated fatty acids other 
than those having 18 carbon uioms. Thus, palmitoleic acid (9-hexadecenoic 
acid) was shown by Hasstve_wn et al.” to stimulate acid production in the case 
of LZ. arabinosus in a manner similar to that of oleic acid. When Lactobacillus 
bifidus was used, this acid was likewise able to stimulate growth when present in 
a low concentration. However, at a higher concentration, palmitoleic acid 
brought about a growth inhibition of these bacteria, in contrast to oleic acid, 
which accelerates growth at both low and high concentrations. BovuGHton and 
Pottock alone’ and with Howarp'*), (03) likewise reported a positive 
stimulation of the diphtheria bacilli on the part of cis- and trans-palmitoleic 
acids as well as by the odd-carbon acids, cis- and trans-heptadec-9-enoic acids 

On the other hand, a number of unsaturated acids are inactive. Thus, 
BevuGatTon and Potiock'” reported negative results with the following: cis- 
undec-9-enoie acid; cis-undec-10-enoic acid; cis- and trans-myristoleic acid 
(9-tetradecenoic acid); and cis- and trans-gadoleic acid (9-eicosenoic acid). 
Erucic acid (cis-13-docosenoic acid) and brassidic acid (trans-13-docosenoic acid) 
were reported to be inactive, as were also a-, 8-hydroxyoleic acid and ricinoleic 
acid (12-hydroxy-9-octadecenoic acid).‘°» 


4. The effect of saturated acids on bacterial growth 


In contradistinction to the activity of a number of unsaturated fatty acids 
tested as substitutes for biotin as a growth factor in bacterial cultures, the 
saturated fatty acids have been found to be completely inactive when supplied . 
alone. This is true not only of the various even-carbon acids from C, to Cy,,"187 
but also of stearic acid {octadecenoic acid). Lauric and myristic acids have 
been reported by and Fiecer,"™ also, to be inhibitory. 

HassINEN and colleagues'*°®) noted that growth of both Gram-positive and 
Gram-negative organisms was inhibited by C, and C,, saturated fatty acids, but 
that no significant depressing action was found on the part of Cy, Cs, Cy,, and Cy, 
saturated acids. On the other hand, the C,, saturated acid inhibited only the 
Gram-positive organisms, while some inhibiting action likewise obtained in the 
case of the C,, acid. 

On the other hand, the results of CHENG and co-workers‘) indicate that the 
saturated acids (principally palmitic and stearic acids) have a synergistic action 
on bacterial growth when present along with oleic acid. This effect is discussed 


below. 


5. Growth stimulation of bacteria, produced by mixed fatty acids from 
various natural and artificial fats 


In the study of the biotin-like activities of the mixed fatty acids prepared from 
a number of fats, it was found that their activities could not be correlated with 
the content of oleic and linoleic acids unless account was taken of the synergistic 
ection of the saturated acids. The following formula, which takes into account 


136 


a 


Fatty Acids as Required Growth Factors for Lower Organisms 


the variation in activity of oleic and linoleic acids and corrects for the synergistic 
action of the saturated acids, was found to give excellent results in predicting 
the activity of the fatty acid mixtures. 

Th, 3, the biotin equivalent, as micrograms of biotin per milligram of fatty 
acids, equals: 


(‘o oleic x 10-3) + (% linoleic x 5-3) 
100° 


(1-00 423 °% saturated fatty 


100 


By the use of this formula, the calculated biotin-like effect of mixed fatty acids 
can be estimated. A comparison of the estimated and found values of fatty 
acids from several fats 1s given in Table 13. 


6. Effects of unsaturated fatty acids on growth of bacteria other than the 

biotin-like effect 
In the extensive studies of Kopicek,'™) it has been shown that most fatty acids 
possess an inhibitory effect on the growth of various Gram-positive organisms. 
This behaviour applies to the saturated and unsaturated acids alike. Lauric and 
miyristic acids inhibit bacterial growth in concentrations of 1 : 100,000. In the 
case of the unsaturated acids, the cis-forms have a marked retarding effect on 
growth, and an increased effect is noted in the case of polyunsaturated acids. 
Thus, toxicity occurs in the following order: oleic acid < linoleic acid < lino- 
lenic acid. 

The bacteriostatic action of the unsaturated acids was shown to be reversed 
by surface-active agents such as lecithin, sterols, tocopherols, proteins, and 
similar compounds. On the other hand, esters of the fatty acids were not 
bacteriostatic. In contradistinction to the reversal of the inhibitory effect 
caused by the surface-active agents on the unsaturated acids, these agents were 
unable to reactivate the saturated acids. 


10. Fatty Acids as Required Growth Factors for Lower Organisms 


TRAGER"®®) found that oleic acid can replace biotin in the growth of the larvae 
of the yellow fever mosquito, Aedes aegypti. In the absence of biotin, larval 
growth was very slow, and metamorphosis did not occur. When biotin was 
present to the extent of 50 mu mg per ml of medium, excellent growth was 
obtained. Relatively low concentrations of oleic acid, an oil from hydrolyzed 
plasma, lecithin, and related compounds, when used in place of biotin, supported 
larval growth comparable with that obtained with the lower effective doses of 
biotin. On the other hand, oleic acid and Tween 80, either alone or with 
aspartic acid, produced some growth response on the part of crolineless Neuro- 
spora crassa (red bread mould), although they were unable to replace biotin 
completely.‘ 

FRAENKEL and BLewetr™” reported that linoleic acid and «-tocophcrol are 
required by the Mediterranean flour moth, Ephestia kuehniella. Linoleic acid is 
needed for the normal development of the wings and for successful emergence, 
while tocopherol is necessary as an antioxidant for linoleic acid, and to promote 
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rapid growth. On the other hand, arachidonic acid has no effect on wings or on 
emergence, but it does have a striking effect on growth.) Its effect closely 
resembles that of docosahexenoic acid from cod-liver oil. On the basis of the 
linole: € composition of body oil, it is concluded that Ephestia, which requires 
linoleate, does not synthesize this acid. On the other hand, another insect which 
dc s not require linoleate, namely the meal beetle, Tenzbrio, is apparently able 
tc synthesize this dienoic acid.‘*! 


III. Tae Errsect oF Dietary Fat ON THE RESPONSE TO STRESS FacToRs 


There is considerable support for the thesis that the presence of fat in the diet 
may exert a beneficial effect in times of physiological] stress. Thus, during periods 
of growth, pregnancy, and lactation, animals in general responded better when 
fat was incorporated in the diet. Moreover, when rats were subjected to com- 
plete inanition until they died, it was found that the most prolonged survival 
followed prefeeding the animals with fat. When the diet during the pre-fast 
period was carbohydrate or protein, the survival time was curtailed. Moreover, 
when rats were subjected to physical exertion to the point of complete exhaus- 
tion, a greater physical capacity was noted in the rats receiving a high-fat diet 
than in those on a fat-low regimen. These phases of fat nutrition have been 
developed in Section II. 

It is likewise of considerable interest to observe how diet will modify the 
response of animals to external forms of stress. Thus, the present discussion will 
centre around the question as to whether or not dietary fat can modify the 
normal response to thyrotoxicosis, x-radiation, cold environmental tempera- 
tures, and similar forms of stress. 


1. Thyrotoxicosis and Dietary Fat 


When an excess of the purified thyroid hormone or desiccated thyroid powder is 
given to rats and to othe: animals, as well as when the thyroid gland becomes 
sufficiently hyperactive, certain readily reproducible symptoms develop. Sup- 
pression of growth normally cecurs concomitantly with an increased basal 
metabolism. The heart rate is increased proportionally with the rise in the basal 
metabolic rate. Inhibition in ovarian development occurs in young rats. On 
the other hand, the kidneys, adrenal glands, and heart become considerably 
hypertrophied. 

The beneficial effect of the inclusion of fat in the diet of hyperthyroid animals 
was first noted by ABELIN and his co-workers.'#4-2® These workers reported 
that a high-fat diet was able to counteract the increased metabolic rate, as well 
as to prevent the reduction in liver glycogen which follows the administration of 
the thyroid hormone. A number of workers‘*!*-*) have confirmed ABELIN’s 
work on rats, while Berc'*™) has corroborated the protective action of fat in 
dogs, manifested by a reduction in the basal metabolic rate following hyper- 
thyroidism. 

One explanation for the protective action of fats in thyrotoxicosis is that they 
furnish the necessary essential acids. However, not only linoleic acid, but also 
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the non-essential oleic acid, was shown to prevent the rise in metabolism. ‘*™ 
On the other hand, GuErRa‘***) correlated the protective action of fat with its 
unsaturation. According to Zary,'**), (220 [Enoleic acid but not stearic acid 
prevents the loss of liver glycogen after massive doses of thyroid extracts. Oleic 
acid was shown to occupy an intermediate position. It is of course possible that 
the negative effect of stearic acid in affording protection against thyrotoxicosis 
in the above studies may have been due to the failure of the saturated acid to be 
absorbed. 

The recent reports of ErsHoFF‘'**5) as well as of GREENBERG and Deve.'*?® 
have shown that the beneficial effect of fat in preventing growth inhibition of 
rats is rather generalized. Thus olive oil, cottonseed oil, peanut oil, corn oil, 
soybean oil, hydrogenated cottonseed oil, wheat germ oil and lard, all caused a 
significantly greater growth of rats than obtained on the fat-low ration, irrespec- 
tive of the essential fatty acid content of the variaus substances.'**5) However, 
in these tests fat failed to prevent inhibition of ovarian development, or the 
enlargement of the kidneys, adrenal glands, and heart. In the experiments of 
GREENBERG and DEUvEL,'*?® not only did the presence of fat permit normal 
growth in the presence of desiccated thyroid powder, but also it reduced mortality 
to 0. Table 14 gives a summary of the latter results. 


Table 14. The mean weights and mortality of rats on low-fat and high-fat 
diets without or with thyroid powder'??®) 


| 


ae Body weight 

Basal diet thyroid | | in weight | Mortality 
| present After 6weeks*| After 
| after 6 weeks ; ll weeks | 


Low-fat 


Low-fat . 

Low-fatt. | 440 |11404 3-1) 134-0 90-0 | 83 
High-fat. | 418 (207-04 14-9! 271-7 229-9 0 
High-fat . | | -2 


Female rats 


} 


Low-fat el 0 46-3 ; 134-74 74! 14-7 | 0 
Low-fat . | + 45:30 1135-24 4:1) 121-0 | 757 | 50 
Low-fatt . + | 43-3 (11754105: 135-0 | 91-2 | 83 
High-fat. .| O | 447 (16654 3-9, 200-7 1560 0 
High-fat . + 43-3 175-8 + 7-4, 208-3 | 1645 | 0 


* Including Standard Error of the Mean. 
+ Group in which the level of B vitamins was twice that in other groups. 


The reason for the protective action of fat on thyrotoxicosis has not been 
established. Ersuorr'**5) suggested the possibility that the fat may furnish 
essential fatty acids and thus alleviate a deficiency which may arise as a result 
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of an increased fatty acid requirement. However, since a practically fat-free 
liver preparation was also shown to have a beneficial effect, ErsHoFF does not 
believe that the fatty acid deficiency theory is a plausible one. On the other 
hand GREENBERG”) was able to demonstrate a protective action against 
thyrotoxicosis in the rat on the part of both methy] linoleate and cottonseed oil. 
I’ has also been suggested that the beneficial effect of fat in this condition may 
r-sult from synthesis of an antithyrotoxic factor by the intestinal flora.‘???) 
According to TEMPLETON and ErsHorr,"?%) both fat and carbohydrate are 
superior to protein (casein) in permitting survival of rats receiving thyroxine. 


2. X-Radiation Injury and Dietary Fat 

DECKER and associates'**® were the first to show that a fat-deficiency syndrome 
can be precipitated in mice by the application of x-radiation. Mice receiving 
fat were found to be more resistant to :njury from x-radiation than were animals 
on a fat-free regimen. In an extension of this work, CHENG ef al.‘ have 
confirmed the results on rats; moreover, it was found that, in young rats, only 
the male animals were protected by fat while, in the case of the older animals, 
fat feeding produced beneficial effects equally in both sexes. The protection 
afforded by fat was exhibited equally well in groups of rats receiving diets 
containing 2% of cottonsecd oil. and in those in which 15% or 30% of fat was 
present. In later work,‘ methyl linoleate in doses as low as 10 mg was shown 
to be efficacious as a prophylactic agent, although this dosage of linoleate is far 
below the optimum level for growth. The results of these investigations are 
summarized in Table 15. 


Table 15. The average length of survival and average exposure to x-radiation 
of old and of young rats on different diets and subjected to repeated 
sublethal doses of x-radiation'**®) 


Average day of death* Average exposure per rat in r* 


Series, sex, and diet 


| 

| Male rats Female rate Male rate Female rates 


Series I (18-month rats): 
Diet 1 (fat-free) 
Diet 2 (15% cottonseed oil) 


1270 + 77 

2 | 1950 + 128 

455 

| 1710 + 119 1800 + 11] 
3-63 


| 
| 


Diet 3 (30% cottonseed oil) 


Series II (3-month rats): 
Diet 1 (fat- free) 
Diet 2 (2° cottonseed oil) 


| 1770 + 99 


Diet 3 (30°, cottonseed oil) 


| 
| 
| 
| 
| 
| 


| 


“4 Including the Standard Error of the Mean. The bold face figures are the ratios of Mcan Difference and 
(S.E.M. contro] + (5. EM. Yexp- When this figure exceeds 3-0, statistical significance is indicated. 
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3. Cold Stress and Dietary Fat 


It has been known for many years that metabolism is greatly increased by cold. 
As early as 1881, Kixz'3) demonstrated that the liver glycogen of a dog 
disappeared almost completely if the animal was exposed to prolonged and 
severe chilling. In studies on human subjects exposed to intense cold, M1TcHELL 
and co-workers'?5”) found that a high-fat diet is superior to a high-carbohydrate 
regimen in maintaining general psychomotor performance aud visual efficiency, 
as well as in allowing a maximum speed of tapping. Superiority of the high-fat 
meals over high-carbohydrate rations in maintaining tissue temperatures in a 
cold environment appears to be related to a decrease in heat emission rather 
than to any resulting increase in heat production. A temporary deposition of 
dietary fat in the subdermal tissues following a fat meal may be related to this 
phenomenon. However, the fat diet was not appreciably more effective in 
preventing the cooling of the skin. Likewise, 200° of the basal calories were 
required for the maintenance of body weight on the high-fat diet, as contrasted 
with a figure of 188%, for the high-carbohydrate diet. 


4. Hepatectomy and Dietary Fat 


One of the most critical forms of stress which can be applied is that resulting 
from partial removal of the liver. This is because the liver is important in so 
many physiological functions which it is impossible or difficult to delegate to 
other organs. Thus, it serves as a storehouse for glycogen, for the fat-soluble 
vitamins, as well as for the water-soluble vitamins, and to a certain extent for 
fats. Moreover, it is the chief site of the formation of ketone bodies, of deamina- 
tion, of oxidation of uric acid (in dogs and lower animals), of urea synthesis, and 
of many detoxication reactions. It aids in the utilization of fructose. Moreover, 
this organ serves as the chief organ for the synthesis of serum albumin and 
serum globulin. As a result of stimulation by vitamin K, prothrombin is pro- 
duced in the liver cells. Cne very important function of this organ is the 
excretion of such products as bile pigments, cholesterol, and related compounds. 

Hepatic tissue is responsible for the mediation of so many vital functions that 
animals cannot long survive the removal of this orgaa. However, Mann, '239), (234) 
many years ago, surmounted the iminediate difficulties inherent in the removal 
of the liver. He was able to maintain life for as long as 11 hr in dogs in which 
a collateral circulation had been established as the result of a reverse Eck 
fistula, performed several weeks before the hepatectomy was carried out. 
Marxowi1tTz and Soskrin‘**) were able to develop a similar degree of collateral 
circulation by a preliminary partial ligation of both the vena cava and the portal 
vein. Although these procedures extend the life of the a1.imals following the 
removal of the liver, it has been impossible to alter the fatal outcome by dietary 
means, except that surviva! is extended for many hours when the normal blood 
sugar level is maintained by means of periodic injections of glucose. However, 
this stimulatory effect of glucose soon loses its value, and the animals no longer 
recover following its administration. 

In spite of the inability of animals to survive the complete removal of the 
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liver, even under the most satisfactory experimental conditions, rabbits are 
able to recover if as small an amount as 30% of the functioning tissue of the 
liver remains.‘ After partial hepatectomy, the rate of regeneration of the 
liver is extremely rapid. Such experimental conditions «s partial hepatectomy 
therefore provide an ideal stress for the study of the role of the diet. 

In the case of rats, BRUEs ef al.'*57) reported that regeneration of liver tissue 
: roceeded at a slower rate when fat was included in the diet than when protein 
or carbohydrate was the chief dietary component. Because of the importance of 
bile in the utilization of fat, the use of fat diets has generally been avoided in 
studies of liver regeneration. However, RoGrErRs and associates'®®) have recently 
reported that moderately high-fat diets are as efficacious in permitting recovery 
of rats following a 70% partial hepatectomy as are low-fat rations. When rats 
on the 30% fat diet were limited in food intake to that of the animals on the 3% 
fat regimen, a significantly greater nitrogen balance and a higher increment in 
liver protein and in body weight obtained. When the consumption of food was 
ad libitum in both series of tests, the animals on the high-fat diet did considerably 
better than those on the low-fat intake. 


5. Miscellaneous Stress Factors and Dietary Fat 


One stress factor which can be counteracted much more effectively by fat than 
by other foodstuffs is that caused by the administration of 2,4-dinitrotoluene 
(DNT). CLartTon and BatmMann 55) demonstrated that mice and rats grew less 
and died more rapidly when fed a low-fat diet along with DNT than when fed 
the same amount of the nitro compound per calorie in a diet eontaining 5 or 30% 
of added fats. It was believed that the harmful effects of the low-fat diets were 
to be ascribed to the low caloric intake of the animals. The beneficial effect of 
fat in minimizing the toxic action of DNT in mice was demonstrated with cotton- 
seed oil, corn oil, Crisco, hydrogenated coconut oil, lard, and butter-fat. Rancid 
cottonseed oil was found to augment the toxicity of DNT. 

LUNDBAEK and STEVENson‘*") reported that, after hypothalamic injury, the 
weight gain of the rats suffering from hypothalamic hyperphagia was greater on 
a high-fat, non-earbohydrate diet than on a high-carbohydrate diet. The weight 
gain per calorie was likewise shown to be greater when fat was the main food- 
stuff than when carbohydrate was the principal nutrient. It was suggested that 
this may be attributed to the fact that the animals on the high-fat diet do not 
experience a loss of energy entailed by the transformation of carbohydrate into 
fat. 


IV. Factors ALTERING THE NUTRITIONAL VALUE OF Fat 


1. Sex as a Factor in Fat Utilization and Requirement 


Much evidence has developed in recent years indicating that a sex difference 
obtains not only in the distribution of lipids and glycogen in animal tissues but 
also in the metabolism of fats. Most recently it has been shown that variations 
in the essential fatty acid requirement occur between male and female rats. 
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1. Sex differences in ketonuria 

Ketonuria is obtained more quickly, and occurs with a higher degree of intensity, 
in the female than in the male. DEVEL and GuLIcK'*™ were the first to report 
that the ketone body output based on grams per square metre of body surface 
per day averaged 5 times as much in women during fasting as in men. A 
similar sex difference was later demonstrated in rats and guinea pigs when 
acetoacetic acid, butyric acid, or other ketogenic acids, in the form of sodium 
salts, were administered to the fasting animals.'**) By means of this procedure, 
a so-called “exogenous” ketonuria was produced which has proved of value in 
the investigation of fat metabolism. Bracu and associates'*#) have recently 
recorded a similar sex difference in the ketonuria of rats suffering from alloxan 
diabetes. Moreover, when rats with fatty livers are subjected to a fast, an 
“endogenous” ketonuria occurs during the inanition period, even when no 
supplementary ketogenic acids are fed. Under these conditions, also, the level 
of ketone bodies excreted is considerably higher in the case of the female rats 
than in the male animals.'**? The relation of the variation in ketonuria to sex 
is further suggested by the demonstration that the high ketonuria ordinarily 
noted in the normal female rat is reduced, following ovariectomy, to less than 
the value for male animals.‘ 


2. Sex variation in tissue lipids 


DEVEL and associates'**» reported that the total tissue lipids of female rats on 
several fat diets exceeded those uf inales on similar regimens, while the tissue 
content of protein and water was somewhat higher in the males. 

The most pronounced variations in lipid composition have been noted, by 
various investigators, in the liver. Higher levels of liver lipid in the female are in- 
variably associated with a lower glycogen concentration in this organ. A number 
of investigators have recorded higher liver fat levels in females than in males 
under a variety of conditions.'*#). (246-251) Many workers'*#), (246-248), (252), (259) 
have also reported that liver glycogen is consistently lower in the mature female 
than in the male. However, a sex difference was not observed in immature or 
old rats‘? or in female rats following ovariectomy ;‘*> in fact, in the latter 
case, the level was slightly higher for the females. 

A possible clue to the correlation between the variation in composition of 
lipids in the tissues and the ketonuria has been observed in rats having fatty 
livers. Although the liver lipids of unfasted rats on choline-free diets were 
markedly higher in females than in the males, a greater drop in liver lipids 
occurred in the female than in the male during a subsequent 5-day fasting period, 
concomitantly with a higher ketonuria.">*) This was interpreted as iadicating 
that the greater production of ketone bodies in the females was associated with 
a more rapid removal of the lipid from the liver.'*5> 

Another expression of sex difference in lipid storage is to be found in the 
studies of Lorenz, CuaikorF, and ENTENMAN.'® These workers reported that 
the level of neutral fat was much higher in the livers of laying hens than in the 
ncn-laying fowl or in male birds. Although no similar variation in phospholipid 
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and cholesterol in the liver obtained uncer these conditions, a significant 
increase in these components, as well as in nevtral fat, was noted in the blood. 


3. Sex differences in requirements for essential fatty acids 


Sex differences in composition and metabolism may be reflected in the require- 
mert for essentia! lipids. This was recently demonstrated by GREENBERG 
eta °°) Whereas the optimum level for linoleate intake exceeds 200 mg per day 
in the male rat,“ that for females based upon growth response appeared at 
first to be approximately 10 to 20 mg per day.‘*® However, in later experiments, 
a value of 50 mg was noted for female rats. 

Closely associated with the difference in linoleate requirement is the sex 
difference in susceptibility to x-radiation injury. Whereas, in the case of old 
rats, equal protection was afforded by fat in the case of both sexes, young adult 
female rats were not protected by fat in the diet, whereas young adult males 
were protected.‘ Since it has also been demonstrated that protection from 
x-radiation injury is afiorded by the administration of linoleate,‘*® the question 
arises as to whether or not a sex variation in the amount of this essential acid in 
the tissues may account for the discrepancy between the sexes. 


2. Digestibility and Absorption of Fats as Related to their Nutritional Value 
The importance of fat in nutrition is obviously related to its ability to be 
digested and absorbed. Thus, in order to serve as a source of calories, fat must 
gain entrance into the tissues before it can be oxidized and yield its potential 
energy to the tissues. In a like manner, the utilization of fat is necessary before 
it can serve in its other capacities. It has already been noted that hydrogenated 
perilla oil and tristearin do not possess the thiamin-sparing action of the other 
fats, because of their low digestibility. 

The extent to which a fat is utilized (i.e. its digestibility) is expressed as the 
coefficient of digestibility. This term refers to the percentage of the foodstuff 
which is absorbed. This value is calculated by dividing the fat absorbed (fat 
ingested minus fat excreted) by the fat ingested. A correction figure is usually 
applied to total faecal fat to correct for the so-called “metabolic fat.” This latter 
fraction is composed of lipid-like materia] which is excreted irrespective of the 
amount of fat in the diet; it can readily be determined from the lipid content of 
the faeces obtained when the subject is on a lipid-free diet. 


1. The digestibility, in man, of vegetable and animal fais melting below 50°C 
Practically all vezetable and animal fats melting at less than 50°C are almost 
completely digested by the normal individual.. The most comprehensive study 
of this property was made in an extended series of tests carried on by the Office 
of Home Economics of the U.S. Department of Agriculture under the direction 
of the late Dr. C. F. Lancwortny and of Dr. A. D. Hotmes. In these tests, the 
fat under consideration was mixed with a fat-free corn starch blancmange and 
was fed with other foods of low fat eontent (oranges, whole wheat biscuit, sugar, 
black coffee) over a 3-day period, during which the faeces were collected for 
analysis. Although no allowance was made for the faecal fat excreted as soaps 
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in these tests, more recent data would seem to indicate that this additional 
correction would not appreciably change the findings in the fats and oils covered 
in the present category. Thus, DEveEt et al.‘**”) obtained results for the coeffi- 
cients of digestibility of cottonseed oil and rapeseed oil in human subjects, when 
account was taken of the soup excretion, which are identical with figures found 
in earlier tests in which this value was not determined. Another feature of thése 
more recent tests was the use of a new technique involving a much longer 
experimental period, and the use of an appetizing mixed diet in which the 
experimental fat comprised 90% of the total fat. Table 16 gives a summary of 
the results which have been reported for the digestibility of several vegetable 
and animal fats in man. 

According to the results given in Table 16, it would appear that most animal 
and vegetable fats are well digested by man when taken in amounts of 50 to 
100 gm daily. With the exception of avocado fat and teaseed oil, which have 
coefficients of digestibility of 88 and 91 respectively, the average figures for the 
34 vegetable fats varied between 94 and 99, and those for the 18 animal fats 
ranged between 93 and 99. 


2. The digestibility, in man, of vegetable and animal fats melting above 50°C 


When the melting points of fats exceed a critical value of approximately 50°C, 
the digestibility is much less than that observed for lower-melting fats. Lane- 
WORTHY and HotmeEs‘*® called attention to the fact that the high-melting fats 
could not be assimilated as completely as the low-melting fats, while DEUEL and 
TlotmeEs‘?*) suggested that an inverse relationship exists between the extent of 
digestibility and the melting point of fat. Data on utilization of some high- 
melting fats are included in Table 17. 

Although the coefficients of digestibility of the several natural high-melting 
fats (deer, mutton, oleostearin) and of several of the higher-melting hydro- 
genated fats are definitely lower than those for the vegetable and animal fats 
reported in Table 16, they are to be regarded as maximum rather than minimum 
values for human subjects. This is because allowance was not made for the 
portion excreted in the faeces as soaps which, in this case, would probably 
represent a fairly large figure. The discrepancies between the reported values 
for digestibilities in man and in other animals can probably be attributed to this 
fact. Further experiments are needed to clarify the absolute extent of digesti- 
bility of the several higher-melting fats in man. 


3. The digestibility of oleomargarines in man 

Hydrogenation per se dues not lower the digestibility of the fat unless the 
resulting mixture has a sufficiently high melting point. Moreover, when com- 
pletely hydrogenated corn, cottonseed, or peanut oil, melting at above 60°C, is 
mixed with untreated oil so that the melting point of the resulting blend is 
under 50°C, the coefficient of digestibility is not appreciably lowered below that 
of the liquid fats. 

In a study of the digestibilities of the older types of oleomargarine obtainable 
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Table 17. Average coefficients of digestibility, in man, of some high-melting 
animal fats and some hydrogenated vegetable fats 


Coefficient of 
digestibility 


Fat tested Reference Melting point “ae 


°C gm 
53 


Mutton 


Oleostearin 


68 
Deer 


Hydrogenated fats: 
Cottonseed 


Peanut. 


Corn 


Blended hydrogenated fats :* 


| 
| 
(12-5: 87-5)t 53 96 
(18-8 : 81-2) 7 94 
(23-5:765) . «| 482 | 49 94 
221:770) . 500 | 57 37 
Peanut. | 264 | 
(6-2 : 93-8) | eS 74 97 
(9-1 : 90-9) | 432 | so 
(33-3: 65-7). 90 | 93 
Com. . | 264 | | 
(9-1 90-9) 39 | 95 
(25-0:75-0) 49 | 93 
(30-8 : 69-2) | | 54 92 | 92 


* A portion of the fats was almost completely saturated with hydrogen and was blended with sufficient 
untreated oil to yield mixtures with the me!ting points indicated. 

+ The values in parentheses indicate the respective proportions of completely saturated fat and untreated 
oil in the fat blend. 


in 1915, Hotmes* reported that they were well utilized. The values for the 
several types studied were as follows: (i) (59°% oleo oil, 7% lard, 22° vegetable 
oils, 12°4 milk fat), 97; (ii) (41°% oleo oil, 32% lard, 24°, peanut oil, 3° milk 
fat), 93; and (iii) (67°% oleo oil, 33°, cottonseed oil, 0-1°4 milk fat),* 97. 

A high digestibility for margarine fat was also shown to hold true in the case of 
a modern type of product in which the fat is exclusively a partially hydrogenated 
vegetable oil.“*”) Thus, this product, which had a Wiley melting point of 94 to 
95°F, was found to be digested to the extent of 96-7% when taken by normal 


* These are Hotmes’ figures, which add up to more than 100%. 
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men and women in average amounts of 86 gm daily. All of the tests on oleo- 
margarine recorded here are open to the same criticism as are the other experi- 
ments on human subjects, namely, that faecal soaps were not determined. 
Howe :2r, it seems probable that this would not have influenced the result, 
inasmuch as a high digestibility was noted for this fat, in rats, in tests which took 
in’ » consideration the loss of fat in the faeces as soaps (see Table 20). 
L:.xGworTHy'*®) has summarized most of these data elsewhere. 


4. The digestibility of fats in animals other than man 


It is generally agreed that the pattern of digestibility of fats is similar in man, 
dog, and rat. On the other hand, McCay and Pav.'*”) have reported that 
guinea pigs digest a number of the common fats quite poorly. In later studies, 
these workers'**» found that rabbits and sheep utilized fat to a somewhat 
greater extent than did guinea pigs. Table 18 gives the average coefficients of 
digestibility of various fats as recorded for several species of animals. 

Although the coefficients of digestibility in man and in lower animals are in 
general agreement, a number of striking differences exist. In the first place, 
castor oil is readily digested in rats, rabbits, sheep, and guinea pigs, and exerts 
no catharsis in these animals; on the other hand, practically none is utilized 
in man when sufficient is given to produce a cathartic action. However, it is 
possible that, when administered in amounts too small to produce catharsis, it 
might be well utilized in the human subject. In spite of the practically complete 
digestibility of castor oil in rats, Stewart and SrxcLam7>) were unable to 
demonstrate any trace of its principal fatty acid, ricinoleic acid, in the phospho- 
lipids of the small intestine, liver, or muscle or in the triglycerides of the liver. 
This result can only be interpreted as evidence of the rapid metabolism of this 
hydroxy acid. 

A second difference between man and the rat concerns the coefficient of 
digestibility of rapeseed oi]. DEUVEL, CHENG, and MorEesovseE'*®” have reported 
that, in the rat, crude rapeseed oil was utilized to the extent of only 77%, while 
the figure cbtained for the refined oil was 82%. This is the lowest digestibility 
which has been recorded for a triglyceride fat, liquid at ordinary temperatures, 
which is not an intestinal irritant. This finding is in line with an earlier observa- 
tion‘? that the rate of absorption of rapeseed oil from the gastrointestinal tract 
of the rat is the lowest for any of the common liquid fats. The low digestibility 
of rapeseed oil in the rat would likewise explain its poor showing in the growth 
tests reported by Borr.**&) The faulty utilization of rapeseed oil in the rat may 
well be related to its composition. It contains 40 to 50% trierucin.*» Since no 
failure in lipolysis was noted by Deve e al.,**” the low digestibility may be 
ascribed to the difficulty in absorption of erucic acid. 

The poor digestibility of rapeseed oil in the rat is in striking contrast to its 
behaviour in man.. Hotmes'?* originally reported a figure of 99 for the coeff- 
cient of digestibility in man. Although this investigator did not take into 
consideration the possible excretion of split products as soaps, the failure to do 
so cannot be the cause of the divergency between the results for the rat and for 
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Table 18. Average coefficients of digestibility of some fats in several 


species of animals 


Melting 
point 


Coefficients of digestibility 


Rat 


Rabbi 


Sheep 


Beef tallow . 
Butter 
Butter 
Castor oil 
Cacao butter 
Cacao butter 
Coconut oil . 
Coconut oil . 
Coconut oil . 
Coconut oil, hydrogenated 
Cod-liver oil 
Corn oil 
Cottonseed oil 


QO-7 (2744 
98-Q'275) 
96-5 1274) F¢ 
97-5116) 
94-5(116) 
Q7-5(274) 
98-312704 
94-8277) 


92-] (273) 


99!273) 


g4(279) 


ggt276) 


94-4(21604 
8$3-9'278) 
68-7 (278) 
30-21116) § 


Cetvonseed oil, hydrogenated. 
Cottonseed oil, hydrogenated. | 
Cottonseed oil, hydrogenated. | 
Cottonseed oil, hydrogenated. 


Cottonseed oil, hy — 


Crisco 

Lard . 

Lard . 

Lard, bland. 

Lard, hydrogenated 

Lard, hy 

Margarine fat 

Margarine fat 

Mutton tallow 

Mutton tallow 

Neais foot oil 

Oleo stock . 

Oleo stock . 

Olive oil = 

Peanut oil, crude 

Peanut oil, refined 

Peanut oil, hydrogenated 
(blended) ‘ 

Peanut oil, hydrogenated 
(blended) 

Perilla oil . 

Perilla oil, hy: drogenated 

Rapeseed oil A 

Salmon oil . 

Sardine oil . 

Soybean oil 

Scybean oil 


96-6127» 
94-5(116) 
94-3(27% 
63-2(279) 
2)-Q(279) 
74-2748 
86-7 (27404 
98-4019 
97-6(277) 
96-4(277) 


92-6(277) 


9]-4°277) 
82-9'78)) 
98-3'282) 
98-5 


94(273) 


* Fat fed at 5% level 
Fat fed at 15% level. 


Averaze of 9 experiments with fat fed at 10%, 25 


%. and 55% of diet. 


§ Average of 6 experiments with fat fed at 10% aad 25% of diet. 


| 
Guinea | 
pig | Dog 
| | 96 94-0 
3 38 — | 
54 
| 43 | 738 | | 
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man. DETEL and collaborators,'*5”) who included the determination of faecal 
soaps in their studies, obtained a coefficient of digestibility in man identisal with 
that reported by Hoimes. One can only conclude that, in the case of rapeseed 
oil, variation obtai::s between the rat and man. ..t present, there is no adequate 
explanation for this difference. 

The results on the guinea pig consistently present a third variation in the 
utilization of fat by lower animals as compared with man. Although cod-liver, 
olive, and soybean oils are digested to about the rame extent in the case of the 
guinea pig as in other animals (including man), the coefficient of digestibility of 
corn, cottonseed, and peanut oils appears to be somewhat depressed in this 
ruminant.‘*7*) Lard has been found to be digested to the extent of only 75:2% 
in the guinea pig, as contrasted with 96-6% in the rat'*™ and 97-0% in man.'26) 


5. The digestibility of simple triglycerides and fatty acids 
A number of pertinent studies have been made on the digestibility of simple 


triglycerides and fatty acids in several species. The results of these studies are 
tabulated in Table 19. 


Table 19. Average coefficients of digestibility of simple triglycerides and 
fatty acids in rats, dogs, and guinea pigs 


Melting point | Coefficient of digestibility 
Triglyceride or fatty acid fed P , 
Mixture fed Rat Dog 


substance 


Palmitic acid ‘ 63 35-609) 
Palmitic acid : 37 39-6118" 
Paimitic acid 48 31-2185 
Stearic acid . : 69 15-g41% 
Stearic acid . 43 Q-4(118)* 

Stearic acid . ‘ ‘ ones 51 13-3284 
Stearic acid . 55 2}-Q1228) § 
Oleic acid . ‘ 95-4273) 95-0¢273) 
Elaidic acid . — | 95-6'273: | 55-6'279) 


* The fat mixture consisted of 5°, simple triclyccride or fatty acid ana 95° olive oil. 
The fat mixture consisted of 10°,, simple triglyceride or fatty acid and 90%, olive oil. 
The fat mixture consisted of 25°, of fatty acid and 75°, of olive oiL 
‘The fat mixture consisted of 15% of fatty acid and 85%, of olive oiL 


+ 
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In the absence of other fats in the diet, trilaurin was found to be completely 
utilized, while trimyristin, tripalmitin, and tristearin were progressively less 
effectively utilized in the rat.” In the experiments of Hoacianp and 
SNIDER,'!®) in which the triglycerides were fed as 5 or 10% solutions in olive oil, 
‘trilaurin and trimyristin were practically completely utilized, while the coeffi- 
cient of digestibility of tripalmitin was calculated as 84. On the other hand, the 
digestibility of tristearin was estimated to be only 6 and 8%, respectively, when 
fed. as a 5% or 10% solution in olive oil. Although the results of Lyman‘?8® 
indicate a high digestibility for tripalmitin in the dog, ARNscHINK‘'?8” reported 
a minimum utilization of tristearin in this species. 

In most casés, fatty acids are poorly utilized when administered as such or in 
solution in olive oil. Palmitic acid was shown to have a relatively high digesti- 
bility in the dog; this is in line with the high utilization of tripalmitin in that 
species. However, this result is in sharp contrast to the results on rats. 

Patt and McCary‘***) have demonstrated an interesting species difference ‘in © 
the utilization of oleic acid and its trans-isomer, elaidic acid. Whereas the rat 
can utilize both of these acids equally well, the guinea pig was able to absorb 
elaidic acid ~nly to the extent of 55-6%, in contrast to the complete digestibility 
of oleic acid in this species (95%). 


6. Factors influencing the digestibility of fats 


a. The effect of age and ser... 

No systematic studies have been made on the effect of age or sex on the digesti- 
bility of fats. However, it is evident from the studies of Hott and his co- 
workers'*®), (288), (28%) that the digestibility of this foodstuff is less satisfactory 
in infants and young children than it is in older children and adults. GorpoNn 
and McNamara) noted a high excretion of fat in the faeces of premature 
infants, while WILLIams'?*)) and HarRIsON and SHELDON) have reported that 
even somewhat older children have a slightly lower digestibility coefficient for 
fats than do adults. 


b. The effect of species 

Considerable differences in the digestibility of fats with high melting points, of 
castor oil, of rapeseed oil, and of lard have been noted between the levels for 
man, rats, guinea pigs, and for other animals, respectively. These are listed in 
Tables 16 to 19. 


c. The effect of melting point 
It has generally been reported that, for fats melting above some critical tem- 
perature, which is approximately 50°C, an inverse relationship obtains between 
the melting point of the fat and the coefficient of digestibility. CHENG and her 
associates'!® have reported that this relationship exists in the case of the simple 
triglycerides (Table 19). Fig. 5 illustrates the relationship between the percent- 
age of unabsorbed fat and the melting point. of the fat. 

In analyzing the relationship of the melting point of a fat to its digestibility in 
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rats, Deve.) has shown that, in the case of the higher melting fats, the 
greatest increase in the excretion of fat oceurs in the soap fraction. These 
results are summarized in Table 20. . 

Pav and McCay”) state that the melting point of fat is a determining 
factor, insofar as utilization is concerned, in ihe guinea pig but not in the case 
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FAT UNABSORBED 


46 SO 54 $8 62 66 7 *% 
M.P.C. 
Fig..5. The relationship of melting point to digestibility of simple triglycerides (solid 
square), and of samples of hydrogenated lard (solid triangle), when calcium and magnesium 
were present in the diet. The result of the tests with calcium-magnesium-low diets is 
represented in each case by similar characters which are not filled in. The numbers beside 
each character indicate the number of carbon atoms in the fatty acid component of the 
simple triglycerides.“ 


Table 20. Comparison of the effect of melting point on the digestibility of 
some natural and hydrogenated fats in rats, and the distribution of 
excreted fais between neutral fats and soaps‘**) 


Faecal fat 
Fat fed | Fat intake Neutral fat Gig 
+ Soaps 
jJatty acids 

°C gm gm gm 
Fat-free diet 0-18 0-088 
Margarine fat . 34 10-7 0-24 0-30 97-0 + 0-4 
Prime steam lard . fs: | 38 | 0-21 0-48 | 966+ 1-4 
Creo. 43 | 123 | 0-93 0-38 | 973403 
Bland lard 48 12-8 0-34 0-68 94-3 + 1-8 
Hydrogenated cottonseed oil . 46 14-9 =| 0-73 2-09 83-4 + 1-4 

54 | 12-3 | (0-62 3-80 | 68-74 27 

65 15-7 6-3] 6-93 24-0 + 2- 
Hydrogenated lard 55 135 | 0-58 490 | 63-24 1-2 

61 | 13-2 2-23 8-89 21-0 + 2-6 


* Including the Standard Error of the Mean. 
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of rabbits and sheep. On the other hand, HoacLanp and SyipEa‘?*) have 
pointed out that their experiments. do not support the thesis that a definite 
relationship exists between melting point and digestibility. Thus, it was notec 
that mutton tallow (m.p., 47°C) had a higher digestibility thun cacao butter 
(m.p., 28°C). Moreover, cacao butter, butterfat, and coconut oil, each melting 
below body temperature, had widely different coefficients of digestibility.‘?74 
HoaGLAND and SNIDER"!!®) are of the opinion that the stearic acid content rather 
than the melting point is the factor which controls digestibility. However, the 
experiments of Matti and Hicerss,'*) summarized in Table 21, speak against 
this hypothesis. One must conclude that, whereas melting point is an important 
consideration in determining the digestibility of a fat, it is not the sole factor, 
and other conditions such as composition must influence it. 


d. The effect of the structure of the fat 


Natural fats are known to exist largely in the form of mixed triglycerides rather 
than as simple triglycerides. The question is pertinent as to whether the 
digestibility of a fat depends upon its constituent acids or whether it is a function 
of the arrangement of such acids in the triglyceride molecules. The experiments 
of Matrtit and Hiceins* have definitely proved that the second possibility is 
the one which is of importance in establishing the utilization of the fat. Thus, 
as shown in Table 21, the extent of digestibility varies markedly, depending 


Table 21. Digestibility of oleic and stearic acids when fed as simple or as 
mixed triglycerides'**) 


Fat 


Coefficient of 
Fat fed digestibility 
In food In faeces 


gm gm 
Tristearin, 10%; triolein,5°, 51-0 29-5 | 42-2 
=) 48-4 Av. 39-9 


Distearomonoolein, 15% | | 397 | 57-9 
9-0 Av 


Tristearin, trivlein, 10° 87-5 27-4 68-7 


| 35-9 11-3 68-5 Av. 68-6 
| 
o/ 
Monostearodiolein, 15%  . 89-4 | 


| 39 | 73-3 


upon whether the fatty acids are given to the animal in the form of mixtures of 
the simple triglycerides or as mixed triglycerides containing a similar proportion 
of fatty acids. 


e. The effect of polymerization of the fat 


When fats are heated at 275° to 300°C over a period of time, polymerization 
occurs. As a result of this treatment, the odour and taste characteristic of 
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unsaturated glycerides are removed; at the same time, the oils develop a 
considerable degree of viscosity. This alteration in properties is associated with 
a change in structure, as is indicated by the fact that the degree of unsaturation, 
as ietermined from the iodine number, decreases to a considerable degree as 
polymerization progresses. 

Several studies have recently been published which indicate that polymeriza- 
tion may influence the physiological as well as the physical properties of a fat. 
Lassen, Bacon, and Drxn‘®*) reported that tae coefficient of digestibility of 
sardine oil, heated at 250°C for various periods of time, was depressed from 98-3 
for the untreated oil (iodine value 177-7), the valucs for the several fractions 
being as follows: iodine value, 155-5, 96-0: iodine value, 138-1, 89-5; and 
iodine value, 124-1, 84-8. Roy‘) reported similar but less pronounced effects 
on samples of cow ghee, buffalo ghee, lard, and hydrogenated peanut oil when 
the fats were subjected to 250°, 275°, or 300°C. No effect was noted when a 
temperature of 200°C was employed, and the values were only slightly altered 


at 250°C. 


jf. The effect of foodstuffs fed concomitantly with fat 

There are a number of ways in which the digestibility of fat may be influenced 
by cther foodstuffs present at the time of digestion and absorption. The most 
important substances in this category are incrganic salts, which form insoluble 
soaps and thus prevent absorption of a considerable proportion of the fatty 
acids. Mineral oil has already been mentioned as an indigestible substance which 
may reduce absorption by removing some absorbable lipids in solution via the 
intestine. Moreover, when gastric or intestinal irritants are present in the foods, 

the length of stay of the food in the intestine may be so curtailed as to preclude 
a normal utilization. 

(a) The effect of calcium salts in the diet-—Although CHENG and her associates'™™ 
reported that .no appreciable effect was exerted on the digestibility of bland lard 
when calcium salts were present in the diet, the extent of digestibility of most 
fats was decreased when these salts were included in the ration. These data are 
summarized in Table 22. 

The presence. of calcium has a more pronounced effect on the digestibility of 
trimyristin and trilaurin than on that of the other fats studied. It was also 
reported by CHENG and associates” that the extent of digestibility of trilaurin 
was proportional to the quantity of calcium in the diet. Thus, the following 
coefficients of digestibility were reported in diets containing 6-1, 2-5, 1-17, and 
0 mg of calcium per gram of food, respectively: 70-5, 87-2, 89-5, and 97-3. 

Grvexs'®® was among the first to report that calcium absorption was 
decreased when the fat utilization was poor. The extent of the soap formation 
was believed by BoswortH and co-workers’? to be dependent upon the 
proportion of ionized calcium, although the amount of soap lost in the faeces 
was obviously a function of the solubility of the calcium soap. Since calcium 
oleate is more readily suluble in bile than is calcium palmitate or calcium 
stearate, it will disappear in a larger proportion than the last two soaps, 
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Table 22. The effect of inclusion of calcium salts in the diet on 
digestibility of fats‘ 


Diets containing Ca 


Neutral fat +- 


Melting, 
point | 


Fat ingested 
Fat ingested 
stool 
Soaps in stool 
Coefficient 
of digestibility 


Coefficient 
of digestibility 
fatty acid in 


Neutral fat +- 
fatty acid in 


| 
| 


3 


© 


Bland lard . 
Blended lard* 
Blended lardt 
Hydrogenated lard} 
Hydrogenated lard} 
Trilaurin 
Trimyristin 
Tripelmitin 
Tristearin 
Palmitic acid 
Stearic acid 
Monostearin 


— 


OG 


uty 

occ Oke Oe Www 
2) 


| 


* One part liydrogenated lard to 9 parts prime steamn lard. Reported in unpublished communication. 
+ One part hydrogenaied lard to 2 parts prime steam lard. 
t Whole sample partially hydrogenated. 


even in the presence of an excess of calcium. Similar data are recorded by 
Boyp e¢ 

The depressing effect of a high-calcium intake on the utilization of fats occurs 

primarily in the case of fats having a relatively high stearic acid content. 
According to the extensive experiments carried out by the U.S. Department of 
Ag-iculture on the digestibility of fat by human subjects, practically all fats and 
oils of animal and vegetable origin with melting points under 50°C were utilized 
to the extent of 93% or better, in spite of the fact that the blancmange used in 
the diet was made from skim milk, which has a relatively high calcium content 
In most of the tests recorded in Table 18 on animals other than man, calcium 
was likewise present in the diet. It is only in those natural fats and hydrogenated 
fats in which a sufficient stearic acid content is present to increase the melting 
point of the fat above 50°C that the deleterious effect of high calcium dicts 
becomes evident. 
(b) The effect of protein—Protein is a second dietary component which may 
modify the digestibility of fat. BaRNEs, PRmMRosE, and burr‘ were the first 
to call attention to the fact that fats have a lower coefficient of digestibility in 
rats on a low-protein diet (14°) than on a dietary regimen with a higher protein 
content (30%). These results have been confirmed by Savace® and by 
SEVERANCE.'277) On the other hand, several other investigators™!-* have 
failed to demonstrate any alteration in the digestibility of fats in dogs or in 
human subjects. Table 23 records some of the positive data. 
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| | Ca-free diets — 
| 
ag 
| | | 
C | gm | gm | gm 
.| 47-9 | 91-7 
| 35-2 | | 66-2 
55-4 | | 58-0 
61-0 | | 17-3 
| 705 
| 56 | | 37-7 | 
665 | | 12-8 
70 | | 10-6 
16s | 198 
14-4 
| 20-7 
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Table 23. The comparative digestibility of several fats in the case of rats 
receiving low- or high-protein diets 


Low-protein diet | High-protein diet 


Coefficient Coefficient 
of digcsts-| of digesti- 
bility bility 


Standard butter‘? 


Special butter spread‘? 


SS 


Peanut oils :‘?77) 
Crude . 
Refined 
Hydrogenated 
Blended hydrogenated | 


| 
| 
| 
| 
| 
| 
| 
| 


| 
| 


g. The effect of emulsifying agents 
Although it is impossible to improve the digestibility of highly utilized fats by 
the use of emulsifying agents, AUGUR and co-workers'?’® were able to demon- 
strate a marked elevation in the coefficients of digestibility of high-melting 
hydrogenated cottonseed oil samples in the presence of lecithin. The coefficients 
of digestibility of these samples in rats without and with lecithin were as follows: 
sample melting at 46°C, 83-8 and 87-9; sample melting at 54°C, 68-7 and 82-8; 
and the sample melting at 65°C, 24-0 and 44-2. 

“Tween 80” (PSM or polyoxyethylene scrbitan monooleate), which is an 
especially effective emulsifying agent, was shown to increase fat utilization in 
patients whose capacity for fat utilization was low.‘ 


3. Absorption Rate of Fats as Related to their Nutritional Value 


Although absorption and digestibility are considered by many people to be 
identical, they actually represent different physiological functions. Absorption 
is measured in terms of rate, while digestibility records the proportion of ingested 
material which is utilized. Ordinarily, fats which are quickly absorbed have a 
high coefficient of digestibility. On the other hand, the converse may not 
necessarily be true. 

Although no differences may be observed between the quantities of two fats 
which can be utilized, as determined from digestibility studies when the fats are 
taken in moderate amourts, an entirely different picture may be obtained if 
they are fed in large doses. Thus, the maximum amount of a fat which may be 
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| | éntake 
| o 
70 
Steam lard =|, 209 | 652 | 976 | 239 | 406 | 984 
1-59 | 16-74 | 91-9 | 207 | 10:20 | 954 
1:77 | 528 | 98-0 1:86 | 1:51 995 
| 94-0 | 1-36 | 7-88 | 96-7 
1-80 | 20-26 | 893 | 1-89 | 9-41 | 95-9 
| 1886 | 9212 | 1-61 | 609 | 97-7 
| | | 
, a 238 | 1761 | 924 | 233 | 1041 | 96-2 
: | 2-00 | 19-47 | 924 | 1-86 | 10-67 | 96-0 
263 | 25-48 | 955 | 196 | 11-89 | 97-6 
| 2-64 | 25-98 | 955 | 238 | 14:35 | 97:3 
| 2-80 47-10 | 86-4 2:19 | 36-70 | 89-4 
. | 270 | 3840 | 908 | 2-34 | 29:10 | 91-7 
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taken without causing a digestive disturbance varies widely. If the fat is one 
which is absorbed slowly, diarrhoea may occur on the administration of 
relatively »mall quantities; in the case of a fat having a more rapid rate of 
absorption, tolerance is greater before the onset: of the diarrhoea. It is therefore 
evident that absorption rates and digestibility coefficients, although relatéd, 
afford information on independent physiological responses to fat. 


1. Methods for expressing the rate uf absorption 


There are several possible methods by which the rate of absorption may be 
expressed. One of these procedures, employed by STEENBocK, IRWIN, and 
WEBER,’ simply involves recording the percentage of the original dose 
absorbed during a 4-hr period. As long as the size of the animals, the time of 
absorption, and the dosaye employed are uniform, one would expect to obtain 
fairly consistent results by this procedure. However, this index loses much of 
its value if any one of the above conditions is varied. 

A seccnd procedure for comparing the rates of absorption is to base them upon 
the quantity per unit surface area of body surface per hour.'*8 In testing this 
method for evaluating absorption, it was demonstrated that fairly constant 
rates were obtained for absorption of fats in rats varying widely in size, and 
when different dosages were employed over several time intervals. On the other 
hand, no consistent results could be obtained by the use of the index proposed 
by STEENBOCK et al.) under the above conditions. Surface area is thus a 
biometric measurement important in assessing not only basal metabolism and 
the absorption of glucose, but also fat absorption. 


2. Comparative absorption rates of different fats 


The results of absorption of 1-5 ml doses of some common fats by adult rats 
approximately uniform in size, as calculated by the index of STEENBOCK 
et al.,‘°5 are indicated in Table 24, while some comparable studies in which 


Table 24. The mean percentages of fats absorbea by previously fasted male 
rats at several periods after feeding 1-5 ml of the various fats by 
stomach tube‘) 


Absorption® in % of original dose at: 


4 hours 6 hours 


Butterfat 
Butter oil 

Cod liver oil 
Corn oil 
Halibut liver oil 
Lard . 
Shortening A 
Shortening B 


~1D 


to 


ioe 
Wo 
mr) 
ee 
om 


He he He HE HE 


toe 120 


He He He He He HE 


oon 
He He He He HE 


“am 
OF 


* Including Probable Error of the Mean. 


4 2 houre | — | 8 hours | 12 hours 
| | | 
36-2 1-1 | 97-4 + 0-4 
.| 40-8 0-7 | 98-2 + 0-4 
«| 28-9 0-7 | 97-9 + 03 
; .| 39-4 0-9 | — 
0-9 | 97-8 + 0-4 
.| 26-6 1-3 | 98-6 + 0-3 
| 12 996401 
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Table 25. The absorption of natural fats and hydrogenated fats when fed to 
rats at « a level of 300 mg per 100 cm? of body surface 


Absorption tn mg/100 em*/hr* 
Melting 
point | 


Fat fed 
6 hours 8 hours 


Butterfat'**) 


to ty 
ou 


44-9 + 1-6 


Coconut 
Corn oi) 
Cottonseed oi] '27®). (203) 


Prime steam lard 
Rapeseed . 


Crisco!?*#) 

Hydrogenated cottonseed 

| 18-0 

| 34-5 
20-7 
44-5 

| 41-7 

| 36-3 

; 43-2 + 


Hydrogenated lard‘?”®) 


Margarine fat‘*® 
Margarine (307) , 
Margarine fat‘?#0), (306) 


He He He He HE He He He HEHE HEHE HE HE 


Margarine fat‘*3 ‘| 


42-8 + 1-4 


M 
F 
M 
F 
-| M 
F 
.| F 
.|M 
F 
F | 
F 
F 
F 
M | 
M | 
| Fj 


* Including the Standard Error of the Mean. 
¢ Bland lard. This is a mixture of unhydrogenated lard and Jard hydrogenated to a melting point above 45°C. 


absorption is based upon milligrams per 100cm? per hour are given in 
Table 25 

The rates of absorption of butterfat, coconut, corn, and cottonseed oils and 
prime steam lard, as weil as that of margarine fat (Table 25), are in the same 
range in the 6- and 8-hr tests, although, in the studies at the 3-hr interval, 
butter appears to be absorbed slightly more readily. On the other hand, 
rapeseed oil is absorbed more slowly than are other oils; this discrepancy 
becomes particularly evident in the tests carried out over longer periods. This 
is in line with the observation that rapeseed oil is poorly utilized in the rat.” 

In the case of the hydrogenated fats other than a margarine fat, Crisco, a 
hydrogenated cottonseed oil melting at 46°C, and a hydrogenated iard melting 
at 48°C are absorbed at a slightly lower rate. On the other hand, the absorption 
rates of a hydrogenated lard melting at 55°C and of a hydrogenated cottonseed 
oil melting at 54°C are definitely lower than those of other fats. In spite of the 
wide discrepancies in abscrption rates, most of the fats are ultimately equally 
well utilized, and only small amounts are lost in the faeces. Exceptions to this 
complete utilization include rapeseed oil (mentioned above), the high-melting 
nydrogenated cottonseed. oil,'**® and hydrogenated lard.“ 

In most cases, the rate of absorption is highest for the shorter periods, and 
decreases toward the end of the test period. There are several possible explana- 
tions for this phenomenon. In the first place, the highesi concentration of fat 
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obtains during the early period, and this presumably increases the rate of 
absorption to some extent.'*) Moreover, the rate of absorption of the several 
glycerides, in any single natural fat, differs according to their respective fatty 
acid content. Presumably this would mean that the most rapidly absorbed 
glycerides would be utilized first. This explanation might account for the faster 
absorption of butter during the earlier periods when the short-chain glycerides 
were first being utilized. Also, this same reasoning would apply to the results 
with rapeseed oil. During the early period, when the C,,-triglycerides are being 
absorbed, the rate of absorption of rapeseed oil compares favourably with that 
of other natural fats. However, when the residue becomes largely trierucin, the 
speed of absorption is markedly retarded. 

It is a moot question as to what relationship exists between the rate of 
absorption and the nutritional! value of a fat. In the first place, when fats are 
absorbed at a rapid rate, large amounts can be tolerated without producing a 
diarrhoea or, presumably, other unfavourable symptoms. On the other hand, 
such rapid absurption might tend to bring about a greater alimentary lipemia 
than would be observed in the case of more slowly absorbed fats. Moreover, the 
advantages of the greater satiety which appears to be associated with a longer 
retention of a foodstuff like fat in the gastrointestinal tract, as compared with 
carbohydrate or protein, are counteracted by the shortening of the absorption 
period. 

In the case of fats which are more slowly absorbed, one can argue that the 
presence of fat in the gastrointestinal tract over a longer period has a beneficial 
effect, in that it extends the period of absorption, and thus may entail less of a 
burden on the organism during any one period. lt is only when the rate of 
absorption of a fat is so slow that the process cannot be completed while the fat 
is in the part of the gut where the absorption is actively taking place (and hence 
some is lost in the faeces) that a slow rate of absorption becomes a factor in 
lowering the nutritional value of a fat. ANNEGERS and Ivy ® reported that an 
increase in the proportion of fat prolongs the gastric evacuation time. No 
significant differences were found between the effect of lurd and of vegetable oil, 
respectively, on gastric emptying time. 


3. Factors affecting the rate of absorption of fats 
a. The effect of age 


According to IRwtN e al.,"°® neither age nor sex is a factor in regulating the 
rate of absorption of fats, at least within the range of thei: experiments, namely 
from 4 to 7 months. However, with the technique employed by these investi- 
gators, which involves feeding 1-5 ml of the fat, irrespective of the size of the 
rat, the index of absorption would most certainly have been much lower had 
very young rats been tested. Thus, DEvEt and collaborators'**® reported that, 
when 1100 mg of fat were fed to male rats weighing 270 gm, 43-2 was absorbed 
in 3 hr, compared with a value of 23-1° when the same dosage was administered 
to young rats weighing an average of 63 gm. However, when the absorption 
index was based upon surface area, the values for these groups become 43-3 and 
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56-1 mg per 100 cm? of surface area per hour, respectively. Moreover, when a 
standard dosage of 300 mg per 100 cm? of body surface was used, the compara- 
tive values for males were 43-3 + 1-8 mg (270 gm rats) and 53-8 + 2-6 mg (74 gm 
rats); e results obtained with females were 38-1 + 3-2 mg (150 gm rats) and 
43-7 + 2-1 mg (64 gm rats). One can only conclude that the rate of absorption of 
fat: is not influenced by the size of the rat (and hence the age) over a fairly wide 
rar ge if the results are expressed in terms of surface area. The size of the dosage 
would appear to be of less consequence, although the most consistent results 
were obtained when this factor, also, was adjusted to surface area. 

In the case of man, however, extreme variations in age have been shown to 
influence the rate of absorption of fat. SoBEL and co-workers,‘ as well as 
TIDWELL et al.‘91) have demonstrated that newborn babies and infants under 
one year of age absorb fats quite inefficiently, as compared with older children. 
On the other hand. Becker and associates”) reported that fat is absorbed or 
metabolized more slowly in the aged than in younger subjects. Thus, the 
chylomicron count was found to remain elevated for a prolonged interval after 
the feeding of fats to aged subjects. 


b. The effect of sex 

In spite of the fact that sex plays a role in the metabolism of fats, as well as in 
the requirement for essential fatty acids (p. 104), it does not, apparently, exert 
‘any effect cn the rate of absorption of fets.'*89, ) Trwm et al.‘ have likewise 
reported that pregnancy does not influence the rate of absorption of fats. 


c. The nature of the fat 


There is no doubt that the nature of the fat is of prime importance in establishing 
the rate of absorption. If one subscribes to the Frazer hypothesis of fat absorp- 
tion, then variations in physical properties may well be the factors responsible 
. for differences in absorption rate. On the other hand, if fats must be split prior 
to absorption, according to the Verzar theory, then differences in absorption 
rate between different fats may reflect variations in the rate of hydrolysis, as 
well as in the rate of absorption, of the resultant fatty acids. 

(a) The rate of absorption of simple triglycerides—Although most of the tri- 
glycerides found in naturally-oceurring fats are mixed, information on the effect 
of the type of fatty acid chain on absorption can best be obtained with simple 
triglycerides. These data can be obtained only for triglycerides with fatty acids 
of C,. or lower, since the high melting point of the longer-chained compounds 
practically precludes their administration.. It is well known tnat such high- 
melting fats as tripalmitin and tristearin are utilized only to a minor extent. 
Thus the rate of absorption would be minimal. Table 26 gives a summary of 
absorption tests on simple triglycerides composed of C, to C,, acids. 

There are two interesting features to be noted in Table 26. The first one is the 
extremely rapid absorption rate of triacetin and tributyrin. It is also evident 
that, as the number of carbons in the even-chain acids increases, there is a 
progressive decrease in the rate of absorption. The second phenomenon of note 
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Table 26. The absorption rates of simple triglycerides in fasting rais over 
three-hour 


Absorption in mg/100 cm*/hr® 
Number 
of carbons 


Even-chain fats Odd-chain fats 


68-1 + 1-4 (12) 
31-4 + 2-1 (12) 
65-0 + 2-5 (10) 
45-7 + 2-5 
32-9 + 2-3 (9) 
54-5 + 1-5 (9) 
ne 28-0 + 1-6 (10) 
45-9 + 4-1 (8) one 


Triacetin 
Tripropionin . 
Tributyrin . 
Triisovalerin . 
Trivalerin 
Tricaproin 
Triheptylin 
Tricaprylin 
Tricaprin 
Trilaurin 


wt 


21-9 (5) 


* Including Standard Error of the Mean. The figures in parentheses represent 
the number of tests. 

_ is the marked retardation in absorption rates of the triglycerides containing an . 
odd number of carbons as compared with the triglycerides having an even num- 
ber of carbons. However, tripropionin (C;), trivalerin (C;), and triheptylin (C,) 
all have practically the same absorption rates; they do not exhibit the progres- 
sive decrease found for tributyrin (C,), tricaproin (C,), and tricaprylin (C,). 
Triisovalerin, although containing an odd number of carbons, appears to fall in. 
line with the even-chain acids rather than with the odd-chain acids. 
(b) The rate of absorption of fatty acids—It is not known whether the behaviour 
of the simple triglycerides, as regards absorption, is due to some property 
inherent in the triglyceride molecule, or whether it is related to the fatty acids 
themselves. The results in Table 27 indicate that the soaps exhibit, to some 
extent, the same pattern of absorption as do the corresponding triglycerides. 
Although this would at first seem to support the Verzar Lipolytic Theory con- 
cerning the mechanism of the absorption of fats, it shculd be recalled that the 
Partition Theory of Frazer likewise predicates the hydrolysis of the triglycerides 
which contain water-soluble fatty acids. Moreover, it is not certain that the 
administration of the lower fatty acids in the form of soaps involves a strictly 
physiological situation. 

The results in general support the thesis that variations in absorption rate of 
the simple triglycerides are related to the speed of absorption of the fatty acids. 
However, acetate exhibits a slow rate of absorption, in contradistinction to the 
rapid rate of absorption of triacetin. This alteration may, in part, be due to the 
use of the sodium salts of the shorter-chain fatty acids, since the free acids are 
too corrosive to be employed. The lower rate of removal of the odd-chain acids, 
propionic, valeric, and heptylic, as compared with the corresponding even-chain 
values, can be observed in the case of the soaps. The short duration of the tests 
when the soap solutions were employed was due to the fact that it was impussible 
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Table 27. The rate of absorption of the lower fatty acids by female rats‘) 


Absorption in mg/100 em?*/hr* 


Fatty acid fed 


lhour 3 houre 


Acids fed as sodium salis in 20% aguevus solutions in doses of 
100 mg/100 cm* 


Acetic . -| 26-6 + 1-0 (10) 
Propionic . -| 21-4 + i-2 (16) 
Butyric -| 39-7 -+ 1-5 (18) 
Butyric®® -| 45-0 + 2-6 (16) 
Valeric ‘ -| 23-3 + 1-9 (11) 
Caproic -| 38-0 + 1-7 (11) 
Heptoic 25-8 + 1-5 (20) 


Acids fed in free state in dosts of approximately 100 mg/100 em* (in 
l-hour tests) and 200 mg/100 em? (in 5-hour tests) 


Caprylic 37-3 1-5(23) | 46-0 + 1-7 (10) 
Nonylic .| 84-4 + 2-3(24) | 32-8 + 1-3 (23) 

Capric . | 19.2 + 1-5 (22) | 22-6 + 2-1 (11) 

Undecylic 213 3-4 (15) | 21-4 0-5 (9) 

Lauric . .| 2:74 1-2(10) | 3-8 + 0-7 (10) 

Tridecylic 7 20-8 4- 3-2 (15) + 


* Including Standard Error of the Mean. Figures in parentheses represent 
the number of tests included in the average. 
t Diarrhoea developed in 16 of 18 rats before 3 hours. 


to administer doses of sufficient magnitude to insure a residue in the gut after 
a period longer than one hour. 

(c) The effect of the melting point of the fat on the rate of absorption—Probably the 
most important factor which influences the rate of absorption is the physical 
state of the fat which, in turn, is related to its melting point. Few observations 
are available onthe rate of absorvtion of fat melting at over 50°C, because of the 
difficulty of administering the fat in liquid form without killing the test animal. 
However, in the tests on digestibility in which the fat was eaten as part of the 
diet mixture, the utilization may in some cases be so low as to indicate a rate of 
absorption approaching 0. Intermediate values have been noted for hydro- 
genated lard (melting at 55°C) and for hydrogenated cottonseed oil (melting at 
54°C) (see Table 25). 


d. The role of the adrenocortical hormones 
It is now recognized that the hormones of the suprarenal cortex are important 
in fat absorption.. VeRzAR and Laszr!5), 16 were the first to demonstrate the 
influence of the adrenal glands on fat absorption. In an extensive series of 
investigations, these workers showed that ithe absorption of fat in, rats was 
inhibited by adrenalectomy, and that the normal function of the gland, in 
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respect to fat absorption, could be restored by the administration of cortical 
extract, but not of ascorbic acid, which is one of the chief active agents of the 
adrenal medulla. It was postulated that the adrenocortical hormones control 
the phosphorylation of fat in the intestinal mucosa; this reaction was considered 
to be essential for the absorption of fat. The mechanism was likewise related to 
the presence of riboflavin {vitamin B,), since the activity of the adrenal cortex 
was found to be diminished in riboflavin deficiency.” 

On the other hand, BarRNEs and co-workers‘*!9), 1% failed to note any 
decrease in the absorption of methyl esters of the fatty acids of corn oil or of 
corn oil itself, after the removal of the adrenal glands of rats, if the animals 
were maintained on salt solution. This would assign the adrenal glands to a 
secondary role in the absorption of fats, as had previously been demonstrated 
in the case of glucose. In the latter instance, if dehydration and the consequent 
circulatory disturbances following adrenalectomy were avoided by the adminis- 
tration of Rubin-Krick solution, or by that of sodium chloride solution, no 
disturbance in carbohydrate absorption could be noted after extirpation of the 
adrenal glands. 

However, more recent results have supported the concept of VERzAR and 
Laszt that the adrenal cortex plays a primary role in fat absorption. Thus, 
BaveEtra and associates” reported that the reduction in the absorption rate of 
fat amounted to 38%, of the normal in untreated adrenalectomized rats, while 
it was still 24° of the normal in salt-treated animals from which the adrenals 
had been removed. The lowering in absorption was associated with an accumula- 
tion of fatty acids in the intestine.“°” Both of these deficiencies were corrected 
by the oral administration of cortin. In later work of BaRNeEs et al.) a 
decreased rate of absorption was reported for emulsified hydrogenated cotton- 
seed oil after adrenalectomy, although no deviation from the normal was 
observed for certain other oils in operated rats. Bavetra and DEvEL™® were 
unable to confirm this latter work, and suggested that the failure of Barnes and 
co-workers'*2) to note decreased absorption, in the case of a majority of the fats 
tested following adrenalectomy, may have been due to the fact that large (and 
probably old) rats were used; it has long been recognized that cortical deficiency 
is much more critical in younger animals than in old ones. 

In spite of the fact that adrenalectomy retards the absorption of fats com- 
posed principally of C,, and C,, fatty acids, Bavetra and Deve.'™® reported 
that no difference obtained in the rate of absorption of tributyrin in normal and 
in salt-treated adrenalectomized rats. In later work, Bavetra? found that 
no significant depression in absorption resulted from extirpation of the adrenal 
glands in the case of tricaproin (C,) or tricaprylin (C,). Sodium butyrate’*® 
and sodium caproate'**) were absorbed equally well in normal and in 
operated rats. However, the absorption of caprylic (Cg) and capric (C9) acids, 
when they were fed as the free acids, was found to be decreased following 
adrenalectomy ‘It was concluded that the adrenal cortex was concerned only 
with the absorption of the long-chain fatty acids which are insoluble in an 
aqueous medium. 
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e. The effect of emulsifying agents 

It has recently been demonstrated that the presence of emulsifying agents will 
increase the rate of absorption as well as the coefficient of digestibility of diffi- 
cultly \bsorbed fats. Although some emulsifying agents will also accelerate the 
rate of absorption of readily absorbed fats such as limpid cottonseed oil, they 
ca not increase the coefficient of digestibility, in view of the fact that these fats, 
even without the emulsifer, are practically completely utilized. The commoner 
emulsifying agents in foods include lecithin, mono- and diglycerides, and poly- 
oxyethylene sorbitan monooleate (PSM, marketed under the trade name of 
“Tween 80’’). 

(a) The effect of lecithin—Commercial lecithin has been widely employed as an 
emulsifying agent in a variety of foods, over the past several decades. By the 
use of this phospholipid, it has been possible to prepare extremely fine emulsions 
which possess a remarkable degree of stability. 

AUGUR and her eo-workers‘*7® were able to demonstrate that fats were re- 
moved from the intestines more rapidly if they contained lecithin, than they 
were if this phospholipid was absent. When cottonseed oil was fed to fasting 
female rats, the absorption rate (expressed in milligrams per 100 cm* body 
surface per hour) was increased by lecithin from 47-8 + 2-3 to 61-8 + 3-7 in the 
2-hr tests, and from 38-5 to 59-9 in the 3-hr experiments. The results on high- 
melting hydrogenated cottonseed oil were equally decisive in showing the 
accelerating effect of lecithin. The values for absorption of the sample melting 
at 46°C were as follows for the fat without and with lecithin, respectively: 3-hr 
tests, 26-5 + 1-8 and 48-9 + 3-0; 6-hr tests, 24-7 + 2-0 and 36-7 + 2:2. In 
the case of the sample of hydrogenated cottonseed oil melting at 54°C, the 
results were as follows: 3-hr tests, 18-0 + 1-8 and 30-1 + 2-8; and 6-hr tests, 
8-5 + 0-9 and 21-8 + 1-5. It couid be shown statistically that these differences 
were highly significant. 

Another experimental procedure which has been used to demonstrate the 

favourable behaviour of lecithin in aiding the absorption of fat is its effect on 
the susceptibility to diarrhoea. When doses of fat amounting to from 300 to 
600 mg per 100 cm? body surface were given to rats, a fairly high incidence of 
diarrhoea was noted. Thus, in a series of 50 tests in which cottonseed or hydro- 
genated cottonseed oil was used, diarrhoea occurred in 20 cases, or 40%. On 
the other hand, only 4 of 40 rats subjected to tests with lecithin-containing fat, 
fed at the same level as those described above, developed diarrhoea. This 
represents an incidence of 10%, or one-fourth of the control value. 
(6) The effect of polyoxyethylene sorbitan monooleate (PSM or “Tween 80”)—No 
data are available in regard to PSM comparable to that recorded above for 
lecithin. However, Jones al.‘ reported on the fat absorption in a group of 
patients with nutritional difficulties secondary to subtotal gastrectomy, carried 
out to correct duodenal ulcer, as well as in a case of sprue. It is believed that 
the improvement in absorption is accomplished through the effect of PSM on 
surface tension, which facilitates the production of a fat emulsion composed of 
finer fat droplets than would otherwise be the case. 


165 


| 
| 


Nutritional Significance of the Fats 


f. The effect of inhibitors 
Substances such as monoiodoacetie acid and phlorhizin, which are believed to 
inhibit phosphorylation, have likewise been found to decrerse the rate of fat or 
fatty acid absorption in rats. 
(a) Experiments with monotodoacetic acid—Although there is little doubt that 
monoiodoacetate interferes with the absorption of glucose, galactose, and 
fructose, in contradistinction to its inactivity in delaying the absorption of the 
pentoses, xylose, and arabinose,‘**) there is some question as to whether or not 
_ it acts to inhibit the absorption of fat. VeERzAR and McDouca.i” reported 
the results on rats given 3-5 ml of olive oil without monoiodoacetic acid (A), or 
with doses of this compound in the amount of 0-07 to 0-1 mg per gm body weight 
(B). After 6 hr, the following comparative results were noted: fat absorbed, A, 
1-5 gm, B, 0 gm; fat in stomach, A, 1-5 gm, B, 3 gm; fat in intestine, A, 0-5 gm, 
B, 0-5 gm. The failure in absorption was not due to gastric retention of fat in iodo- 
acetate-treated rats, since these rats had an inability to absorb the fat when it 
was introduced directly into the intestine. Monoiodoacetic acid was found to 
have no inhibitory action on lipase ;**) in fact, half of the fat in the intestine of 
the monoiodoacetate-treated rats was found to be hydrolyzed. On the other 
hand, the monoiodoacetate tests have been severely criticized by Kit«Ne- 
HOFFER'25) as well as by OnNeELL and Héser,'**® on the grounds that this 
substance is very toxic anc produces bleeding and irreversible damage to the 
intestinal mucosa. It was pointed out that not only was the absorption of fat 
and of glucose inhibited after the administration of monoiodoacetate, but. also 
that of the pentoses and even of sodium chloride was redueed. The absorption is 
not believed to be influenced by monoiodoacetate in either of the latter groups. 
(6) Experiments with phiorhizin—VerzARr and Laszt*”) were the first to 
demonstrate that an inhibition of fat absorption occurs in the rat following the 
injection of the glucoside, phlorhizin. When phlorhizin was given to rats, it was 
found that the absorption of fat was reduced practically to 0 over a 6-hr period, 
irrespective of whether the fat was given per os or was injected into the intes- 
tine.‘*?8) Not only was the absorption of fat prevented but a similar inhibition 
in the absurption of fatty acids was noted. In the case of phlorhizin, one cannot 
level the same criticism as regards toxicity as applies to monoiodoacetate, 
inasmuch as phlorhizin is less toxic.) 

As in the case of monoiodoacetate, the inhibitory action of phlorhizin has 
been ascribed to its interference with phosphorylation.“!7) The difficulty 
resulting from both drugs is not ascribed to the inability to transfer the fatty 
acid to the intestinal mucosa, but rather to the absence of synthesis of the tri- 
glyceride within the cell. According to VerzAr and McDovGaLt, the formation 
of triglycerides must involve an intermediate phosphorylation which cannot 
occur in the presence of inhibitors. Frazer,‘* however, discounts the validity 
of the experiments with phlorhizin, as well as with monoiodoacetate, as the doses 
used were excessively large and caused extensive damage to the intestinal mucosa. 

The subject of the mechanism of fat absorption will be treated in a chapter by 
BercstrOm in Volume 3 of this series. 
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4. The Comparative Nutritive Value of Vegetable and of Animal Fats 


1. General remarks 


Sinee fats would appear to have a primary significance, not only as suurces of 
calories, but also for many varied physiological functions, it is of considerable 
im portance to ascertain whether or not the need for fats can be met equally well 
b_ vegetable or by animal fats. From a chemical standpoint, vegetable and 
animal fats are composed of the same type of fatty acids and glycerides. How- 

_ ever, the animal fats, in general, contain more stearic acid than do the vegetable 
fats, while the reverse is true insofar as the unsaturated acids, linoleic and 
linolenic, are concerned. There is some indication that the manner of distribu- 
tion of fatty acids in the triglyceride molecules varies somewhat in the animal 
and vegetable fat molecules, respectively. Thus, Hm-prrcn‘**) has pointed out 
that the principle of “even distribution” obtains in the case of vegetable fats, 
while a random arrangement is presented by the saturated acids (but not by the 
unsaturated acids) in tLe case of animal fats. However, since the animal is able 
to hydrolyze and tc resynthesize the triglycerides, there is no reason to suppose 
that any variation in metabolism would obtain because of the slightly different 
pattern of assembling the fatty acids. 

Some of the differences in nutritional value, formerly ascribed to fats, are now 
recognized to be related to variations in their content of fat-soluble vitamins. 
Whereas vitamin <A as such is never found in the vegetable fats, it may, in some 
cases, be present in the animal fats. In the latter instance, the highest concen- 
trations occur in the liver fats, especially in fish liver oils, while the storage fats 
of a majority of animals may be completely devoid of this vitamin. In contra- 
distincticn to the distribution cf vitamin A, that of the carotenoids (some of 
which are provitamins A), is almost entirely reversed. Although both a- and 
B-carotene are sometimes found in animal fats,*). including butterfat,* 
and another provitamin A, cryptoxanthin, has been demonstrated in egg yolk'™ 
and in butter," the provitamins are more frequently found in vegetable oils 
than in animal fats. For example, palm oil is an excellent commercial source of 
f-carotene. Vitamins D are found exclusively in animal fats although, when 
present, they occur in minimal quantities except in some fish liver oils. On the 
other hand, the tocopherols (vitamin E) have a much wider distribution, and 
occur in greater amounts, in the vegetable oils than they do in the animal fats. 
The same statement can be made concerning the occurrence and distribution of 

the so-called essential unsaturated fatty acids. 


2. The comparative amounts of vitamins and of essential fatty acids in 
animai and vegetable fats 


a. Vitamin A and provilamin A 


Butter is the commonest source of vitarain A among the animal foods. According 
to a recent co-operative study,“*® the average vitamin A content of butter 
produced in the United States somewhat exceeds 15,000 1.U. per pound, 
although it is recognized that the quantity of vitamin A varies with season, 
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breed of the animals, and their diet. The highest concentration of vitamin A in 
any arimal tissues occurs in the livers of certain fishes. Cod-liver oil (Gadus 
morrhua), which has always been regarded as a standard source of this compo- 
nent, has only a relatively low concentration, namely 600 I.U. per gm. The liver 
vils from a number of fishes such as the Atlantic mackerel (Scomber scombrus), 
barracuda (Sphyraena argentea), yellowtail (Seriola dorsalis), and the yellowfin 
tuna (Neothunnus mucropterus) contain between 30,000 and 80,0001.U. per 
Even higher quantities of vitamin A are found in other fish liver oils. These 
include bonito (Sarda chilensis), 120,0001.U.; cabrilla pinta (Epinephelus 
analogus), 170,0001.U.; swordfish (Xiphias gladius), 250,000 1.U.; ishinagi 
(Stereolepis ishinagi), 300,0001.U.; black sea bass (Stereolepis gigas), 600,000 
I.U.; and several varieties of shark, of which the soupfin (Galeorhinus zyopterus) 
has been reported es containing 640,000 I.U.,‘*® and in one case 800,000 I.U.‘39 

In addition to its occurrence in the liver of fishes and other animals, this 
vitamin is present in egg-yolk, in lung tissue, and in kidney tissue. Some may 
also be present in corpora lutea, although it is probably chiefly in the form of 
carotene. The retina, which has long been recognized as the site in which an 
exceedingly high concentration of a vitamin A-like compound occurs, is now 
known to contain vitamin A aldehyde. 

Although the plants are the principal source of the carotenoids, these pro- 
vitamins frequently occur there with 2 minimum amount of fat. Such is the 
case with turnip greens, spinach, and broccoli, as well as with such yellow, 
orange, or red-coloured foods as squash, carrots, apricots, persimmons, and 
tomatoes. On the other hand, of the commercial vegetable oils, red palm oil has 
the highest £-carotene content. BuckLey* has recorded values as high as 
1900 I.U. per gm in the oil of the fresh fruit, while KaurmMann‘#!) has noted a 
value of 3000 I.U. 

Vitamin A occurs in margarine fat both as preformed vitamin A and as the 
provitamin. In the case of the United States, the average vitamin A content in 
margarine was formerly set at 9000 1.U. per lb (20 I.U. per gm). This figure was 
established us the standard for fortification of margarine by the Food and Drug 
Administration, in 1941, when it was believed that this value represented the 
average vitamin A content of butter.‘ However, since the higher figure for 
the vitamin A level in butter has been published,“*® practically all margarine 
produced in the United States contains this higher level of vitamin A (15,000 
I.U. per lb or 33 I.U. per gm). Since legislation has been passed repealing the 
restrictions on the sale of coloured margarine, some varieties of margarine now 
sold contain carotene. Such sources of provitamins A may now be included as 
a portion of the vitamin A declared on the label of the product.) It has 
recently been demonstrated that margarine is an especially effective vehicle for 
facilitating the utilization of 8-carotene by the rat.* 


b. Vitamin D 


Vitamin D is only rarely found in common animal fats, and never in vegetable 
fats. Small amounts may be present in butter. On the other hand, the most 
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concentrated sources of this vitamin are certain fish liver oils which have been 
widely employed as practical sources fur therapeutic use. The values for the 
vitamin D in fish liver oils vary from 0 1.U. in sturgeon liver oil to approximately 
40,0°0 I.U. per gm in the liver oil of the bluefin tuna (Thunnus thynnus). Liver 
oils such as those from the swordfish (Xiphias gladius) and from the yellowfin 
1 ina (NVeothunnus macropterus), contain approximately 10,000 I.U. per gm, while 
od-liver oil (Gadus morrhua), long regarded as the standard medicine for rickets, 
contains only 100 I.U. per gm. Among the vitamin D-containing oils listed by 
Brus‘) in decreasing order of their vitamin potency, cod-liver oil holds 
twenty-third place. 

Since it has recently been demonstrated that vitamins D can be formed by 
irradiation of the provitamins D which occur in foodstuffs, this procedure has 
become widespread; consequently the availability of the vitamin in the foods 
has been increased. Thus, vitamin D is formed not only by irradiation of 
7-dehydrocholesterol in animal fats but also by similar treatment of the ergo- 
sterol and dihydroergosterol in yeast, as well as of the dihydrositosterol in 
numerous vegetable fats. 


c. Tocopherols (vitamins E) 
Both animal and vegetable fats are sources of tocopherols. The most efiective 
source of these compounds is wheat germ oil, which contains as much as 550 mg 
per 100 gm.) This quantity is more than 20 times that of the most con- 
centrated animal source, namely cod-liver oil, which contains a maximum of 
26 mg per 100 gm.‘*® The comparative amounts of tocopherols present in 
some common vegetable and animal fats are listed in Table 28. 

The comparative activity of oils from the standpoint of their physiological] 
action may vary according to the distribution of the tocopherols. From the 


Table 28. The tocopherol (vitamin E) content of some vegeiable and animal fats 


Oil or fat Oil or fat 


Vegetable fats: Rice bran, refined . 
Babassu, crude'**®) . Safflower, 
Castor'*45) ‘ Sesame, refined (347) 
Coconut, refined@**’ | Soybean, crude'*® 
Coconut, hydrogenated **® . || Soybean, refined***), 
Corn, crude‘'*4® ‘| Soybean phosphatide'® 
Corn, refined'**5) : || Wheat germ, crude‘#), (347) . 400-310, 520 
Cottonseed, Wesson'*#® . Wheat germ, solvent extracted'*** . 550 
Cottonsecd, refined'***) 
| | Animal fate: 

Palm, crude") | Lard, prime steam‘**), | 
Peanut, crude") | 


26 
2-8-v-5, 
0-5 

10 


(349) 


Peanut, refined'**) . Mangona shark liver oil” . 


Pecan, refined"). ‘ Oleo 
Rice bran, crude" Soupfin shark liver 
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standpoint of antisterility effect (which is generally considered to be the true 
vitamin E effect), a-tocopherol (5,7,8-trimethyltocol), 8-tocopherol (5,8-di- 
methyltocol), y-tocopherol (7,8-dimethyltocol), and d-tocopherol (8 methyltocol) 
are effective in decreasing order. On the other hand, in terms of their antioxidant 
action (which is referred to as the tocopherol effect), the activity is in reverse 
order, being greatest for the d-compound and least for the a-isomer. The 
proportion of the several component tocopherols present in any oil will obviously 
determine its antisterility potency or its antioxidant activity. 

Although it is not certain that vitamin E plays a role as an antisterility agent 
in the human subject, it most certainly has other important functions in man. 
It is of great practical importance in the protection of fats from oxidation; the 
relatively greater resistance of the vegetable oils to rancidity as compared with 
animal fats is a reflection of the variation in tocopherol content. Moreover, the 
relatively low tocopherol content of olive oil renders it one of the vegetable fats 
most susceptible to oxidation. Vitamin E is apparently stable to the hydro- 
genation process;‘*>!) in fact, a number of workers‘*5*-354) have considered that 
hydrogenated fats are more reliable sources of tocopherols than is the unhydro- 
genated product. 


d. Unsaturated fatty acids 


The vegetable fats in general have much higher proportions of the so-called 
“essential” acids than do the animal fats (see Table 2, p. 108). Linoleic and 
linolenic acids are the only biologically active unsaturated acids in vegetable 
fats. Animal fats may include not only linoleic and linolenic acids, but also 
arachidonic acid, which exhibits the greatest biopotency of the 3 acids. 


3. The comparaiive digestibility and absorption of vegetable and 
animal fats 


Digestibility and absorption are important physiological indices of nutrition. 
No differences in the behaviour of vegetable vs. animal fat can be demonstrated 
in either of these functions. Thus, the coefficients of digestibility of 34 vegetable 
fats melting below 50°C varied between 94 and 99, with the exception of 
avocado fat (88) and teaseed oil (91). On the other hand, the variations in 
digestibility of 18 animal fats were between 93 and 99 (see Table 16, p. 147). 
Moreover, there was no apparent difference in digestibility of the higher-melting 
fats, which were more difficultly absorbed irrespective of whether they were of 
vegetable or of animal origin (Table 17, p. 148 and Table 18, p. 150). Finally, no 
appreciable differences in the rates of absorption were observed between vege- 
table and animal fats. From the standpoint of utilization, it would appear that 
animal and vegetable fats are of equal nutritional value. 


4. Growth tests with vegetable and animal fuis 


Growth is the physiological response which has most often been accepted as an 
index of nutritional value. In a large number of studies for the evaluation of the 
nutritional value of vegetable and animal fats this index has been employed. 


170 


3 
le. 
if 
“a 
j 


Tke Comparative Nutritive Value of Vegetable and of Animal Fate 


a. Experiments with normal rats 


In our earlier discussion in this review, it was pointed out that greater weight 
gains obtain in animals which receive a fat-containing diet than in animals in 
whose case a fat-free regimen is employed. The question is a pertinent one as to 
whether or not vegetable and animal fats can function equally well in supplying 
need. 

The chief controversy has been as to whether or not butterfat possesses a 
specific growth-promoting effect. On the positive side of the argument, 
Scuantz, ELVEHJEM, and Harr 5) reported that weanling rats grew better 
over a 6-weeks period when they were fed on liquid skimmed milk homogenized 
with butterfat than when corn oil, cottonseed oil, coconut oil, or soybean oil was 
homogenized into the fat. Tle differences in growth-promoting power of the 
fats largely disappeared after the 6-weeks period foliowing weaning. It was later 
reported‘*®), (357) that the saturated fatty acid fraction of butter was more 
effective in producing growth than was a comparable emount of the whole 
butter, while the volatile and unsaturated fatty acid fractions were ineffective. 
The unsaturated acid fraction served effectively for growth after hydrogena- 
tion.” It was concluded that the superior growth on butterfat observed in 
the earlier experiments‘ 5) was to be ascribed to the presence of certain long- 
chain saturated acids which were present in butterfat but not in other fats. 
However, two independent groups of investigators'*5® ‘) have failed to 
confirm the finding that the saturated fatty acid fraction of butter possesses any 
specific effect on growth. 

GEYER et al.°®) ]so reported a supericr growth-promoting action on the part 
of the liquid portion of butter which remained after the separation of the solid 
glycerides in acetone solution at — 4°C, in one experiment. In a repetition of 
the test, they failed to corfirm the original findings. Jack and HrvsHaw®) 
likewise noted better growth on the liquid fraction of butter than on other 
fractions, provided care was taken to prevent oxidative destruction. It is 
obvious that the earlier reports of SCHANTz et al.,‘955), (35 in which the superior 
effect of butterfat on growth is ascribed to saturated rather than to unsaturated 
acids, and the later studies in which it was traced to the unsaturated 
acids, ©). (361) are contradictory. Moreover, the results obtained by DEVEL and 
collaborators®®) on whole butter do not bear out this finding. 

Borr'®) also reported superior growth in rats when butterfat was fed, as 
contrasted with results obtained with olive oil. Howéver, the choice of the 
vegetable oil was an unfortunate one, since this fat contains very little toco- 
pherol and consequently readily becomes rancid. DeveEt and co-workers®*? 
likewise found that the weight gains of rats fed an olive oil sample which had 
become rancid were inferior to those observed when other vegetable oils or 
butterfats were employed. Boer and collaborators‘** reported that rapeseed 
oil was inferior to butterfat in promoting growth in rats. This finding has been 
confirmed by and associates*) as well as by EULER, and 
LinpemMan.36) The low growth-promoting ability of rapeseed oil has been 
correlated with its low digestibility in the rat.°* 
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In contradistinction to the positive results obtained with butterfat, a number 
of negative reports fail to confirm the hypothesis that the growth-promoting 
action of butterfat is superior to that of vegetable fats. Thus, DEUEL and 
co-workers'*®) reported that no superior growth could be observed at any 
period over 12 weeks following weaning, in male or female rats fed butter- 
containing diets, as compared with rations containing corn, cottonseed, olive, 
peanut, or soybean oils or a margarine fat. In these tests, dried skimmed milk 
powder was employed as a vehicle for the fat, instead of liquid skimmed milk. 
The fact that the gains-in-weight in all cases represented true growth was 
confirmed by the determination of the rate of bone growth. In addition to using 
the gain-in-weight as a comparative index, it was also established that a simi- 
larly efficient utilization of the several diets obtained. Moreover, analyses of the 
tissues of the rats raised on the several dietary regimens indicated a similar 
distribution of protein, fat, carbohydrate, and ash.'**5) Qne is therefore forced 
to the conclusion that the extent of growth obtained by means of the several 
vegetable fats is identical with that of the rats receiving butterfat. 

Several suggestions have been proposed to account for the better growth 
observed by ScHantTz et al.'55) on the butter diets than in cases in which other 
fats were fed. In the first place, there is a possibility that a greater food con- 
sumption may have been responsible, since it was shown that rats prefer a diet 
of bland fat flavoured with diacetyl (butter flavour) to one which is unfla- 
voured.'36®) Jn the tests on vegetable fats by DEUVEL et al.,'*® cited above, 
butter flavour was used; this probably accounts for the uniformly high food 
consumption in the several dietary groups. BouTWELL and collaborators'**?) 
included diacetyl with the corn oil. Although they failed to improve the food 


‘consumption sufficiently to cause growth identical with that in the butterfat 


tests, there was an appreciable increase in food consumption as a result of 


adding this flavouring. 

EULER, Ever, and SAperc'*®®) likewise gave a negative answer to the 
question as to whether or not butterfat has a specific growth-promoting property. 
These workers noted better growth when oleomargarine was the dietary fat than 
when butter served in that capacity. More recently, EULER eé al.°®) have 
extended their studies on growth with butter and margarine diets over a period 
of 700 days; growth was equally satisfactory with the two fats over the entire 
period. Other workers, who have demonstrated a similar growth-promoting 
behaviour of vegetable fats and of butter, include DEVEL ef al.,‘%6), (370) 
ZIALCITA and MiTCHELL,*!) Henry and co-workers,‘*) and LassEN and 
Bacon. (372) 

(a) The cffect of vaccenic acid on growth—Several suggestions have teen made as 
to the reason for the greater growth of rats on butterfat diets as compared with 
those containing vegetable fats. For example, vaccenic acid, 11 octadecenoic 
acid, has recently been cited as the acid in butterfat responsible for the superior 
nutritional value of this fat. Boer, JANSEN, and Kentrie"*** noted that summer 
butter contains appreciable amounts of this unsaturated acid, while it is absent 
from winter butter, as well as from vegetable fats. The presence of the acid in 
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butterfat and in animal fats has been confirmed by a number of workers, ‘273-375) 

while GEYER ef al.'375) demonstrated its absence in vegetable fats. However, 
hydrogenated vegetable fats have been shown to contain relatively large amounts 
of var xenic acid. (379), (374) 

The first report of the high nutritional value of vaccenic acid was that of 
B er et al.;°7®) these workers found that the growth of rats on a rapeseed oil 
d.et was increased if the rations were supplemented with vaccenic acid prepared 
from China wood oil. It was further suggested that the failure of the EvLER 
group"®®), (377) to confirm the earlier report of Borr®) and of BorR and 
J ANSEN‘37®) on the superiority of butterfat over margarine or olive oil could be 
attributed to the probable lack of vaccenic acid in the winter butter produced 
in Sweden. 

However, a number of reports have failed to confirm the fact that vaccenic 
acid is a dietary adjunct. Thus, DEveEL and associates,‘**) using the same 
procedure as BoER and co-workers,‘**) confirmed the fact that rapeseed oil 
produced a poorer growth than did cottonseed oil. However, the addition of 
vaccenic acid to either the rapeseed oil or the cottonseed oil diets did not aug- 
ment growth. Similar negative results have been recorded by EULER ef al.,‘965) 
as well as by Natu, Bark1, ELVEHJEM, and Hart.) In fact, BorR and col- 
laborators'*® have recently retracted their earlier statement. 

It is possible that vaccenic acid may have been mistaken by Boer ef al.°7® 
for 12-octadecenoic acid, since these two unsaturated acids have quite similar 
properties. However, investigations on the nutritional value of this acid, 
by Deve é¢ al.,‘* have failed to demonstrate any specific beneficial effects on 

~ the part of the latter acid. It is therefore apparent that there is no convincing 
evidence that vaccenic acid is specifically required by the animal organism. 
(6) Experiments on prematurely-weaned rats—In their original report on the 
superior nutritional value of milk fats as contrasted with vegetable fats, 
BovuTWELL and associates**”) noted that the need for the particular fatty acids 
present in butterfat could no longer be demonstrated if the animals were kept 
on the stock diet until they were 30 days of age, instead of being weaned and 
placed on the test diets at the age of 21 days. These investigators further steted 
that this need for butter was accentuated in rats placed on the test diets at 
14 days of age rather than at the usual 21-day period. However, tests in the 
author's laburatory*®) indicated that such prematurely-weaned rats grew as 
rapidly on complete diets containing corn, cottonseed, olive, peanut, or soybean 
oil, or a vegetable margarine fat, as on one containing a butterfat. Moreover, 
ZiaLcita and Mircucii*) were able to raise rats as effectively on corn oil as 
on a butterfat when the animals were weaned at the age of 7 days and were 
continued thereafter on synthetic diets. The evidence would therefore tend to 
discount the age factor as regards the 1equirement for buttrfat. 


b. Comparative cffectiveness in animals receiving restricted diets 


Another procedure for the evaluation of the nutritional merit of a foodstuff is 
to eompare the results when a restricted diet is employed with those when the 
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foodstuff to be tested is fed. Under such conditions, if a specific fat is required 
for growth, the need for it may not be satisfied during periods of restricted food 
intake. However, it was found that the rate of growth of rats on diets containing 
several vegetable oils or a vegetable margarine fat, when fed at such a level that 
growth occurred at a subnormal rate, was similar to that obtained on a diet 
containing a butterfat.'*8?) During a subsequent period, when the same diets 
were given ad libitum, the response of the rats to the vegetable fat diets was 
similar to that of the animals on the butterfat regimen. 


c. Experiments on rats receiving growth hormone 

A procedure for nutritional evaluation, which is the converse of that in which 
restricted feeding is employed, involves the determination of whether or not the 
diets under investigation will be satisfactory at abnormally high levels of 
growth. It is conceivable that a substance might be satisfactery for growth 
under normal conditions but that it might fail under conditions of stress caused 
by a high rate of growth. As an example of the latter, ErsHorr and Deve.'*8® 
reported that the lack of vitamin A can be accentuated when the growth hor- 
mone is injected into rats on a vitamin A-free diet. In their experiments, the 
symptoms of avitaminosis A appeared sooner, and an earlier death resulted 
under such conditions. When an active pituitary growth hormone was injected 
into rats, it was found that diets containing corn, cottonseed, olive, peanut, or 
soybean oils, or a margarine fat, supported the increased growth as effectively 
as did one containing: butterfat.'°5” 


d. Growth and nutrition experiments on children 


LEICHENGER, EISENBERG, and CaRLson‘**4) have recently reported the results 
of a two-year test carried out on children in two orphanages. In one group, 
margarine served exclusively as the table spread while, in the second case, a 
comparable diet was used except that butter repiaced the margarine. It was 
found that the well-being of the children during the test, and their growth 
during the two-year period, were similar in the two groups. It would therefore 
appear that, provided the nutritional identity of the butterfat diet and the diets 
containing vegetable fats is established, the results on rats are also applicable 
to man. 


5. Pregnancy and lactation performance of rats on vegetable or animal fats 


Other nutritional indices which have been used to compare vegetable and 
animal fats include their efficiency in animals during pregnancy and lactation. 
As indicated earlier, growth, pregnancy, and lactation afford progressively more 
critical methods for evaluation of the nutritional value of foodstuffs. 

It is a well-known fact that fat-low or fat-free diets are especially unsatis- 
factory for lactation.85), 386 However, Sure’ found that satisfactory 
lactation could not be produced on otherwise inadequate diets by butterfat, lard, 
hydrogenated oil, olive oil, or wheat germ oil. On the other hand, MayNarp and 
RasMvUsseN‘*8®) reported that, on adequate diets, improvement in lactation 
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obtained in rats when corn or coconut oil was added to a ‘st-free diet, although | 
hydrogenated coconut oil was found to be ineffective.“*™ 
There is some question as to what factor in fat is responsible for the beneficial 
effect of this foodstuff on milk production. According to QUACKENBUSH 
et al.,°v) linoleic acid is necessary for satisfactory lactation. If this is true, 
ves >table fats should he preferable for this function since, in general, they 
. co tain more essential fatty acids than do the animal] fats. This would also 
explain the findings of Loos.i and associates®*) that hydrogenated coconut oil 
is ineffective. On the other hand, these latter workers'*® were unable to demon- 
strate an improvement in lactation of rats on a fat-free diet when 125 mg of 
ethyl linoleate were administered daily. 

Irrespective of what causes improved lactation when fat is fed, there is 
evidence of the equivalence of vegetable and animal fats in effecting this 
phenomenon. Thus, DEvEL ef al.*) reported that rats fed on diets containing 
a series of vegetable oils, or a vegetable margarine fat, presented essentially the 

same reproductive capacity and the same increase in lactation as did animals on 
a butterfat regimen. These data are summarized in Table 29. 


Table 29. Comparative nutritional value of vegetable oils, a vegetable fat, 
margarine and butierfat as indicuted by pregnancy and lactation tests‘*™) 


| Pregnancy tests Lacation tests 
Skimmed milk powder! | 


mixed with one of | 


the following fats 


- 
‘ | Rats died before 
Animals Litters cast | Average 3-day Average 21-day 
weight per rat | days weight per rat 


em gm 
Butterfat . = 29 29 9-09 23 33-4 (84) 
Corn oil r . 31 28 9-06 1 32-9 (112) 
Cottonseed oil ‘, 31 30 9-15 2 34-4 (98) 
Margarine fat F 35 33 7-57 8 34-8 (112) 
Olive o#l 21 18 7-88 35-2 (70) 
Peanut oil . E 32 31 8-03 4 33-6 (84) 
Soybean oil . ; 2s. 26 7-60 1 | 34-5 (98) 


* Figures in parentheses indicate the number of rats weaned. Only seven-rat litters included in averages. 


Ever, Ever, and have reported an experiment 
carried out over 18 months which indicates a marked superiority of margerine 
fat over butterfat as demonstrated by reproduction tests. The total weight at 
28 days of all offspring produced over the year and one-half period was 8508 gm 
for the group on the butterfat diet as compared with 15,956 gm for those on the 
margarine fat regimen. Although the supplementation with vitamin E improved 
the response of the butterfat group in a subsequent series of tests, the weights of 
the supplemented butterfat group did not equal that of the unsupplemented 
margarine group. The results obtained from pregnancy and lactation tests do 
not indicate any nutritional response to animal fats which is not shared by the 


vegetable fat group. 
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6. Growth and reproduction of rats over many generations on a diet 

containing a vegetable margarine 
One procedure for estimating the nutritional value of foodstuffs which combines 
growth, pregnancy, and lactation tests is the so-called “‘multigeneration” 
method. Much more information can be gleaned from a test of this kind carried 
out over a number of generations than can be obtained from growth, pregnancy, 
or lactation studies on a single generation. It is conceivable that a diet which 
would be satisfactory for growth or even for reproduction and lactation during 
one generation might be unsatisfactory after several generations, over which 
deficiencies could develop. 

SHERMAN and CaMPBELL™*), (392) devised a simple diet which allowed rats to 
continue growth, reproduction, and lactation and which at the last report had 
progressed successfully to the sixty-seventh generation, and was still con- 
tinuing.'**») The diet “A” whicb was employed to the fortieth rat generation by 
these workers consisted of whole milk powder (1/6) and ground whole wheat 
(5/6), plus NaCl to the extent of 2% of the weight of the wheat. The “B”’ diet 
employed after the fortieth generation contained one-third whole milk powder 
and two-thirds ground whole wheat with 2% of sodium chloride. SHERMAN and 
CAMPBELL") reported that the life span of the animals on diet B was prolonged 
significantly over that of the rats on diet A. 

A somewhat comparable test has been under way in the author’s laboratory 
since April, 1940, during which the rats have received the same dict as diet B 
used by SHERMAN and CAMPBELL, except that skimmed milk powder containing 
margarine fat in an amount comparable to the butterfat in whole milk powder 
was employed. At the end of 10 generations, the rate of growth of the male and 
feriale rats was considerably higher than at the start of the test.° Moreover, 
fertility and lactation have been maintained at a high level over the entire 
period. In a later report,‘ after 25 generations, it was shown that the same 
high level of growth and reproduction had continued. At the present time 
(July, 1953), the experiment has successfully progressed to the thirty-seventh 
generation. These results offer cogent evidence of the equivalence of butterfat 
and of vegetable margarine fat when tested by the most rigorous experimental 
procedure, namely, that of the multigeneration experiment. 


5. The Comparative Nutritive Value of Mono-, Di-, and Triglycerides 
Although it is genera]!y agreed that mono- and diglycerides are intermediates in 
fat digestion and in fat absorption, as well as in its intermediary metabolism, no 
evidence as to their nutritional value has been available until recently. Braun 
and Surewssvry*”) were the first to report on this factor. Tney noted that 
monostearin and monolinolein were nutritionally approximately equivalent to 
lard in producing growth in rats, when fed at a level of 894. Ames and co- 
workers) reported no ditference in growth, reproduction, or lactation per- 
formance between rats fed mono- or triglycerides prepared from cottonseed oil, 
and those fed the refined cottonseed oil. The monoglycerides were isolated by 
molecular distillation. More recently, Matrsoy et al.) have investigated the 
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moiiv-, di-, and triglycerides isolated from soybean oil and from coconut oil, as 
well as the purified mono- and triglycerides of oleic, stearic, and lauric acids. 
These authors concluded that mono-, di-, and triglycerides of corresponding 
fatty acid composition were nutritionally equivalent. T’xe caloric efficiencies of 
the mc.i0- and triglycerides of both stearic and lauric acids were found to be low. 
These workers attributed this fact entirely or partially to poor absorption. In 
la zr investigations, Mattson and associates‘) isolated and identified, by 
ui:equivocal methods, as much as 16% of monoglyceride and 36% of diglyceride 
in the total lipids separated from the lumen of the intestine of rats, following the 
feeding of triglyceride. This supports the work of Frazer and Sammons,‘ 
who previously interpreted the high hydroxy] value of the lipids isolated from 
the lumen of the intestine as indicative of the presence of monoglycerides. 


6. The Influence of the Type of Fat on the Toxicity of Alloxan 


Hovussay and Martinez”) were the first to point out that the toxic and 
diabetogenic action of alloxan may be considerably influenced by dietary factors. 
Thus, in the white rat, low-protein and high-lard diets increased the toxicity of 
alloxan (recorded as mortality during 10 days following the injection of the drug), 
while high-protein and high-coconut oil diets had a protective effect. On the 
other hand, GyOrey and Rost) reported a high toxicity in rats, as demon- 
strated by early mortality (within 2 days) and haemoglobinuria, on diets free 
from yeast and high in lard or coconut oil. The early mortality was significantly 
reduced by the inclusion of yeast or tocopherol in the diet. Moreover, tocopherol 
was found to prevent the development of haemoglobinuria caused by alloxan. 

In a re-evaluation of this probiem, Ropricvez and Kresi'**) confirmed the 
increased toxicity occasioned by low-protein diets in alloxan poisoning. On the 
other hand, it was found that the inclusion of coconut oil or of such short-chain 
acids as caprylic acid in the diet resulted in a marked decrease in the diabeto- 
genic action of alloxan. In contradistinction to these results, it was shown that 
diets containing large amounts of lard produced a high incidence of diabetes, as 
well as a high mortality. The results were not influenced by tocopherol, in 
contrast to those of GyOércy and Rose.’ Strangely enough, the results 
on palmitic acid showed the lowest mortality and the lowest incidence of diabetes 
of any of the fats examined. The divergent behaviour of coconut oil and lard is 
believed to be due to a difference between the method of metabolism of a fat 
composed primarily of long-chain acids (lard) and one containing a large propor- 
tion of short-chain acids (coconut oil). 


V. Posstste DELETERIOUS EFFECTS OF FaT IN TRE DIET 


1. Cuolesterol Deposition and Fat Intake 
One of the most serious criticisms which has been levelled against the inclusion 
of fat in the diet is the charge that its continued ingestion results in increased 
levels of body cholesterol. Animal fats have been considered to be the more 
serious offenders, because they contain preformed cholesterol, while vegetable 
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fats are less harmful in that the phytosterols in these products cannot be 
absorbed or changed to cholesterol,‘>—°®) even when fed with bile salts.‘@® 
However, it is believed that fat’ per se also contributes to the production of 
cholesterol, which is formed synthetically in the animal body. Acetic acid, 
related to the two-carbon fragment, which is believed to be formed during the 
metabolism of fat, has been cited as the precursor of cholesterol. Under stich 
conditions, animal and vegetable fats would share equally in furnishing the 
building stones for the synthesis of cholesterol. While there is adequate evidence 
to prove that cholesterol can originate from acetic.acid,'“) one should not forget 
that acetic acid may also arise directly from carbohydrate, as well as from fatty 
acids. Moreover, it can be formed indirectly from this carbohydrate by break- 
down of the body fat originally synthesized from this foodstuff. ALFrn-SLATER 
and her collaborators” have recently shown that the rate at which cholesterol. 
is synthesized in rats is not influenced by diet; as rapid an increase in deutero- 
cholesterol obtained in the blood and liver of rats on a fat-free dict as in animals 
receiving a 30% fat regimen. 


2. Toxic Products From Heated Fats 


It has already been pointed out that one of the factors which influence digesti- 
bility of fats is polymerization. When fats are heated to 275°C or higher, a 
polymer formation takes place. According to Lassen, Bacon, and Dunn‘?8?) 
and Roy,'>®) the coefficients of digestibility of such fats are decreased in pro- 
portion to the extent of polymerization which has occurred. 

CraMPTON and Mitxar,“*”) in 1946, were the first to observe that the feeding 
of linseed oil previously heated at 275°C, in the presence of inert gas, resulted in 
a high death rate. Several other workers‘*!), ‘!5) had previously reported 
deleterious effects of fats which had been subjected to high temperatures. In 
some cases, paralysis resulted similar to that described by MackENZIE et al.(1@ 
as occurring in vitamin E deficiency. However, it must be considered that the 
oils used by these workers had in all cases been subjected to heating in the 
presence of air, resulting in oxidation. Crampton and his associates‘! later 
showed that a decrease in weight gains per 1000 calories ingested occurred in 
rats when the diets contained corn, herring, linseed, peanut, rapeseed, or soybean 
oil which had been subjected to heating at 275°C anaerobically. A marked effect 
was noted for peanut oil, in which the gain-in-weight per 1000 calories ingested 
decreased from 87 for the unheated oil to 30 for the oil heated at the above 
temperature for 30 hr. In the case of linseed oil, the gain-in-weight amounted 
to only 4 gm per 1000 calories for the oil heated for 12 hr, as contrasted with a 
value of 80 for the control values for this fat. On the basis of later work from 
this same laboratory, it was suggested that the primary cause of the reduced 
nutritive value was the presence of one or more dimeric fatty acid radicals; 
these are believed to act in some way inimical to the well-being of the animals. 
Still more recently, CRampron ef al.'*1®) concluded that the toxicity of heated 
fats may result from the formation of cyelized or branched-chain acids. 
Although polymerization results when fats are heated at 275°C, there is no 
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evidence which can be detected by nutritional tests that the temperatures to 
which fat is ordinarily subjected in cooking cause injury to the fat. Roy‘) 
reported no decrease in digestibility in several fats subjected to 250°C. Like- 
wise, DEUEL ef al.'“!”) found tha. margarine fat, which had been heated at 
205°-210°C for a long period during which a number of batches of potato chips 
we’? prepared in it, gave as effective growth in young rats, when incorporated 
in -heir diet to the extent of 40%, as did unheated oil. 


3. Toxicity of Rancid Fats 


The effects of rancid fats and products of fat oxidation has been discussed in the 
chapter on autoxidation of fats and related substances, page 51. 


4. Miscellaneous Conditions in which Fat Ingestion is Contraindicated 


According to-.Li and Freeman,'!®) a greater degree of leucopaenia was noted in 
rats subjected to benzene when they were maintained on a high-fat diet than 
when a low-fat diet was fed. The leucocyte count was reduced, irrespective of 
the protein level in the diet. 

A marked haemolytic anemia has been demonstrated by Davis and Gross“) 
in dogs, as a result of the daily administration of 60 gm of fat and of 10 mg per kg 
of choline. This was accompanied by significant eievation of the icteric index. 
A somewhat similar condition was shown to obtain in two human subjects who 
ingested } ]b of butter and 400 mg of choline for breakfast; the depression in the 
red blood cell count continued for 36 hr, after which a reticulocytosis occurred. 

McLean and Beveripce™™) have noted that increasing levels of fat in the 
diet augmented the extent of liver necrosis in rats on a basal necrogenic diet. 
On the other hand, the carbohydrate level of the diet was withovt effect on this 
condition. 


VI. or Fat THE DIET 


1. Conelusions Based upcz Experiments on Rats 


The beneficial effects of fat in the diet are so varied in character as to cause one 
to question whether fats are only optional components of the rations or whether 
they should be regarded as obligatory constituents of the diet. 

The figure at which the optimum fat level is established depends to some 
extent upon the method of evaluation. By most of the methods employed in 
determining the nutritional value of foodstuffs, somewhat better results were 
obtained when the diet contained 20 to 40% of fat by weight. However, in 
many instances, the results obtained were quite satisfactory when only 10% of 
the diet consisted of fat. - 

One question which arises is whether or not all types of fat can fulfil the 
nutritional requirements equally well. At the present time, the data available 
are inst ficient to answer this question. In the case of margarine fat and cotton- 
seed oil, the best results were obtained on the 20% and 40% fat diets. 

The determination of the optimum amount of fat as a source of essential fatty 
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acids leads to different results, depending upon the particular situation involved. 
The requirement for the essential acids for growth varies with sex, being higher 
with males than with females. In the former case, it probably exceeds 200 mg per 
day, while in the latter instance the figure is about 50 mg daily. On the other 
hand, when the essential acids serve as protective agents against x-radiation 
injury, amounts as smal) as 10 mg per day have been shown to be effective in 
rats; however, the ability to withstand x-radiation injury was found to be pro- 
gressively increased when 10, 20, 50 and 100 mg of linoleate was given daily.42) 

It seems probable that the beneficial effects of fats are not to be traced 
exclusively to their essential fatty acid content. One experiment," which 
indicates this fact, was carried out with female rats previously depleted of fat. 
After the administration of 20 mg of linoleate daily over a number of weeks 
until a plateau in body weight was reached, the dosage was increased to 60 mg 
without causing any further increase in weight. However, when 10% of cotton- 
seed oil was added to the diet, a marked growth-stimulating effect obtained, 
which continued over a number of weeks. These results led to the conclusion 
that fat possesses some beneficial action not traceable to the essential fatty 
acids or tocopherol which it contains. 


2. Conclusions Based upon Experiments on Man 
It is difficult to determine how far the results obtained with rats can be trans- 
lated into terms of human nutrition. According to Branpt,"*? the daily intake 
of fat by the British increased from 99 gm per day before World War I to a figure 


of 124 gm by 1934. A similar fat consumption also obtained for the Americans 
and Germans during the latter period; fat accounted for 30% of the calories in 
their dietaries at that time. In sharp contrast to this relatively high intake by 
the Occidentals, the intake for Orientals has heen shown to be quite low. 
According to BRaNDT,“4**) the Japanese consumed a diet before the war contain- 
ing only 6 to 10°% of fat calories. Moreover, SHEN ‘4?’ estimates that the soldiers 
of South China in World War II ate fat to the amount of only 3% of their 
caloric intake, which is less than one-tenth of the 40% which Howe‘!*# 
calculates as the average consumption of the American soldiers in World War IT. 

The Food and Nutrition Board of the National Research Council (United 
States)'**>) has made the following suggestions as to the human requirement 
for fat: 


FAT. There is available little information concerning the human require- 
ment for fat. Fat allowances must be based at present more on food habits 
than cn physiological requirements. While a requirement for certain un- 
saturated fatty acids (the linoleic and crachidonic acids of natural fats) has 
been amply demonstrated with experimental animals, the human need for 
these fatty acids is not known. In spite of the paucity of information on this 
subject, there are several factors which make it desirable (1) that fat be 
included in the diet to the extent of at least 20 to 25 per cent of the total 
calories and (2) that the fat intake include essential unsaturated fatty acids 
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to the extent of at least 1 per cent of the total calories. At higher levels of 
energy expenditure, e.g. for a very active person consuming 4500 calories and 
for children and for adolescent persons, it is desirable that 30 to 35 per cent 
of the total calories be derived from fat. Since foodstuffs such as meat, 
cheese, nuts, etc., contribute fat to the diet, it is necessary to use senarated or 
“visible” fats such as butter, oleomargarine, lard, or shortenings to supply 
only one-third to one-half the amounts indicated. 


Much experimental work is still required to determine what quantities are to 
be considered as the optimum for man. It is self-evident that the capacity for 
fat is limited and that, when this quantity is exceeded, gastric distress follows. 
It is of considerable importance to determine to what extent tolerance for fat 
varies with the type of fat and the method of preparation of the food into which 
it is incorporated. 

VII. Coxcituprxe REMARKS 

The more mouzrn concept of the role of fat in nutrition would seem to assign 
more importance to this foodstuff than was formerly the case. Instead of being 
regarded merely as a concentrated source of calories, this foodstuff is now 
considered to be an essential requirement for many physiological processes of 
the body. Thus, it possesses the capacity to spare protein, which is not shared by 
carbohydrates. Prefeeding with fat enables rats to adjust their metabolism in 
such a way as to extend their survival period during a subsequent fast far 
beyond that possible in rats prefed with other foodstuffs. The commanding role 
which fat plays in metabolism is demonstrated by such physiological phenomena 
as the rate of growth, pregnancy, lactation, and physical capacity. Moreover, 
the importance of fat in the diet can be demonstrated by its beneficial effects in 
such conditions of stress as thyrotoxicosis, x-radiation, cold, and partial 
hepatectomy. 

Although the importance of fat can, in part, be ascribed to the essential 
unsaturated acids which it furnishes, it is believed that there are beneficial 
effects over and above that of the essential fatty acids. The whole field of the 
importance ef fat in nutrition is one concerning which our information is still 
fragmentary. We can look forward to continued elucidation of this field in 
the future. 
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THE SURFACE PROPERTIES OF FATTY ACIDS 
AND ALLIED SUBSTANCES 


D. G. Dervichian 


THE molecules of fats and of the derived fatty acids are relatively large and 
contain well-separated polar and parafiinic regions which behave quite differently 
from tke point of view of the type of interaction they can exert. The peculiar 
surface properties of fats are mainly the consequences of this particular structure 
of their molecules. The study of the variation of surface and interfacial tension 
represents the most fruitful source ef indirect information on surface structure, 
on interaction between two liquids and, above all, on adsorption which is 
properly a surface phenorrenon. This explains why in most of the analyzed 
work measurement of surface and interfacial tension is the main technique. 
Only results eoncerning fatty acids, their salts (soaps) and esters, triglycerides 
and phospholipids are reported. Data on detergents, such as alkyl sulphates, 
quaternary ammoniums, etc., have deliberately been omitted. This very impor- 
tant group of substances deserves a particular study, but their surface properties 
are, in the main, comparable to those of soaps which are described here. 


I. Tae Scrrace or Lieuip axp Soir Farry SUBSTANCES 


1. Surface tension of fatty substances 


a. Fatty acids 
The only systematic data on the surface tension y of series of normal fatty acids 
at different temperatures is due to Huntex and Maas.” The curves of Fig. 1 
have been drawn mainly by making use of their results. The data for formic and 
acetic acid, given only for 15, 20,.and 30°C, are taken from RoLanp and Lex." 
The values for propionic acid determined by these authors correspond with those 
of HunTEN and Maas within the limits of accuracy of the measuring methods 
(i.e. one or two units of the first decimal). Values for oleic acid at 20°C and 
ricinoleic acid at 16° are indicated on the same graph. 

This figure shows that, with the exception of the C, and C,, acids, the different 
points fall on straight lines. But the slope of the different lines (i.e. the tempera- 
ture coefficient dy/d7 of the surface tension) varies with the acid. From a value 
of — 0-11 for formic and acetic acid, dy/d7 decreases ani reaches — 0-076 for 
stearic acid. 

From the curves in Fig. 1 two sets of values can be extracted. One is relative 
to the surface tension at a given temperature and the other is relative to the 
respective temperatures at which the different acids have the same given value 
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for the surface tension. On Fig. 5 have been plotted the surface tensions of the 
fatty acids at 75°C against the number of carbon atoms. In 1949, Wacnus, 
UnmstATTer, and Rerrstotrer gave values of the surface tension at 75°C of 
purified or synthesized normal fatty acids with both even and odd numbers of 
carbon atoms from C,, to Cy. The values given by these authors for the even 
acids correspond quite well with those derived from the measurements of 
HunTEN and Maas and have been plotted on the same curve (Fig. 5). The 
interesting point is that the surface tensions of the odd C numbered acids falJ 
consistently on another curve, above that corresponding to the even acids. Thus 
the alternation which is well known for other properties (e.g. melting points) 
Teappears with the surface tension. On Fig. 6 are plotted, against the number of 


sUNDECYLENIC 


SURFACE TENSION IN|DYNE 


NORMAL FATTY ACIOS 


TEMPERATURE 
-SO° o° 200° 


Fig. 1. Surface tensions at different temperatures of the normal fatty acids. Values 
for oleic, ricinoleic and undecylenic acids are shown for comparison. 


carbon atoms in the molecule, the temperatures at which the same value of 
25 dyne per cm is found as surface tension for the different fatty acids. These 
values are obtained by cutting the curves of Fig. 1 by the horizontal line 
y = 25 dyne per cm. 

The variation of both curves (Figs. 5 and 6) is consistent with the general idea 
that surface tension is related to cohesion forces. One curve (Fig. 5) indicates 
that the longer the acid chain the larger is the cohesion energy in the liquid and 
consequently the higher is the value of the surface tension. The other curve 
(Fig. 6) shows that the stronger the interaction between molecules, as a conse- 
quence of the number of carbon atoms, the higher must be the temperatur- (i.e. 
the antagonistic kinetic energy) in order to reduce the cohesion and conseq’ 2ntly 
the surface tension to the same given value. 

It ean be seen in Fig. 1 that the surface tension value for oleic acid, ‘hich has 
been determined at 20° falls approximately on the extrapolation of the curve 
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corresponding to stearic acid. Thus oleic acid, which has a melting-point nearly 
equal to that of the saturated normal C,, acid, has a surface tension correspond- 
ing to that of the C,, acid of the same series. Therefore the chain length appears 
to be he governing factor. The fact that the value of y for ricinoleic acid, which 
also has 18 C atoms, falis definitely above the values for oleic or stearic acid ie 
e idently related to the existence of the functional alcohol group in its molecule. 
7? hese OH groups create between adjacent molecules much stronger interactions 
(probably hydrogen bonds) than the interaction between ordinary hydrocarbon 
chains. The same sort of reason must be given to explain the anomalous 
behaviour of formic acid whose values stand quite apart on Figs. 1, 5, and 6. 


b. Esters of the fatty acids 
Numerous and carefully established data can be found in one of the recent 
publications of VocEL" on the surface tension at different temperatures of a 


30 


SURFACE TENSION 


20 


Fig. 2. Surface tensions at different tem- 
peratures of the methyl esters of the 
norma! fatty acids. 


OF NORMAL C,. ACIDS 


| 


TEMPERATURE 
i 
20° 30° 40” 80° 725° BO 120° 180° 


great variety of alky] esters. Part of these data has been used to draw the set of 
curves of Fig. 2, relative tc the methyl esters, and of Fig. 3, relative to ethyl 
esters, of the normal fatty acids from C, to C,,. Like those for the fatty acids, 
the curves, representing the surface tension values for these esters as a function 
of the temperature, are straight lines. Here again the temperature coefficient 
dy/dT varies with the chain length, from — 0-013 for the shorter tc — 0-09 for 
the longer. 

Two other pairs of curves have been derived from the set of curves of Figs. 2 
and 3 as was done with the fatty acids. One pair (Fig. 5) gives the surface 
tensions at 75°C of the methyl and ethyl esters. The other pair (Fig. 6) indicate 
the temperatures at which the same surface tension value of 25 dyne per cm is 
given by the different methy] and ethyl esters. The figures on the abscissae axis 
correspond to the number of carbon atoms in the esterified fatty acid. The same 
general remarks can be made, as in the case of the fatty acids, concerning the 
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increase of surface tension with chain length. There is a marked influence of 
chain configuration on the surface tension: the surface tensions of compounds 
with branched chains are lower than those with straight chains. 


30 
28 
26 


DYNES/C 


‘© Fig. 3. Surface tensions at different temperatures 
of the ethy! esters of the normal fatty acids. 
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c. Triglycerides 
The only comprehensive data on triglycerides are found in the old but careful - 
work of JaEGER‘® who determined the surface tension of the series of triglycer- © 
ides corresponding to the fatty acids from C, to C,, for a series of temperatures - 
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SURFACE TENSION 


TEMPERATURE 

Fig. 4. Surface tensions at different temperatures of the series of triglycerides. 
number of carbon atoms C, refers to the fatty acid chain length. 
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starting below 0° and reaching 200°C. Previously to this work, WaLpEN‘” had 
determined the surface tension of tripalmitin and tristearin in a range of tempera- 
ture between ca. 55° and 120°. WaLpeEn’s values are constantly lower than 
thos: of JAEGER by approximately 2 dyne per cm, but the shift between the values 
of the two triglycerides for a given temperature is in both cases of the same order. 
/ 1 examination of the values given by JaEcER for other substances at different 


t2mperatures shows that they coincide with the best known and generally 


45 
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Z 35 
S | SURFACE TENSIONS 
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— 
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C2345 6789 RMS O78 

Fig. 5. Changes in surface tension as a function of the number of carbon atoms, measured 

at the same temperature (75°), for the triglycerides, fatty acids, esters and paraffins. 
admitted recent values (e.g. water and benzene). On the contrary WaLDEN’s 
figures for a series of liquids are constantly below the admitted values. It should 
be noted, however, that measurements were made in 1929 by JoGLEXaR and 
Warson'® on five of the triglycerides (Cy9, Cy», Cy4, Cys, and C,,) and that their 
values are intermediate between those of JAEGER and those of WALDEN. 
Unfort anately, these last measurements have been made within a rather narrow 
tempeiature range. These diserepancies are apparently due to the calibration 
ot the instruments used. However, even if this casts some doubt on all the 
obtainable data (although JaEGER’s results appear to be the more reliable), the 
relative place of the corresponding curves can still be taken into consideration, 
since the same instrument has been used through the set of measurements. 
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The curves of Fig. 4 have been plotted using JAEsER’s data. These curves 
show that the surface tension of triglycerides is far from being a linear function 
of the temperature. But the relation to the chain length appears very clearly in 
the two derived curves: one (Fig. 5) giving the surface tensions at a fixed 
temperature of 75°, and the other (Fig. 6) indicating the temperatures at which 
each of the triglycerides has a given surface tension of 25 dyne per cm. It can be 
seen that, in relation to the chain length the series of saturated triglycerides can 
be subdivided into three groups: (1) C, and C, which are quite distinct, having 


TEMPERATURES AT WHICH TRIOLEIN 
THE SURFACE TENSION IS 


EQUAL TO 25 OYNES/CM 


TEMPERATURE 


NUMBER OF C ATOMS IN THE ACID CHAIN: 


Ci Cr:CsCeoCs CoCr Cs Ce Cro Cu Cu Co Crs 


Fig. 6. The variation with chain length of the temperature at which the different 
members of a series have the same surface tension (25 dyne per cm). 


sirong molecular interactions; (2) C; to Cy, for which cohesion decreases 
slightly with increasing number of atoms; (3) above C,, with relatively higher 
values of surface tension but again with a tendency to decrease when the chain 
length increases. Between C,, and C,, (if not between C,, and C,,, for which data 
are lacking), there is a transition with rapid increase of the molecular interac- 
tions. In both curves (Figs. 5 and 6) the value for triolein stands apart and above 
the value for tristearin, as if, despite the lower melting point, cohesion in the 
unsaturated triglyceride was stronger than in the saturated one. 


d. Ordinary fats 


From measurements with various animal and vegetable oils by the drop metaod, 
Cana.s and collaborators’ have deduced that the surface tensions of these 
natural oils decrease linearly with the temperature. More precise determinations 
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between 20° and 130° have been anne on the same type of oils more recently by 
HaPrern."° His data, relative to six different oils have been plotted in Fig. 7. 
One of the curves refers to a mineral oil (petrolatvm) and is given for comparison. 
It should be noted that the temperature coefficient for the different oils (— 0-05 


TENSION DYNES/CM 


y 
SURFACE 


TEMPERATURE 
Oo 20 40° 100” 120" 140° 
Fig. 7. Surface tensions at-different temperatures of different ordinary fats. 


to — 0-08) is coniparable to those of the pure triglycerides. Cod-liver oil i3 a very 
particular case having a temperature cvefficient of — 0-11. 


2. Semi-empirical general relations 
a. The parachor of fatty substances 
If M, p, and y are respectively the molecular weight, the density, and the surface 
tension of a substance, the quantity P = (Jf /p)y+ is independent of the tempera- 
ture. This specific constant P was termed parachor by SUGDEN. What is impor- 
tant in SuGpEN’s discovery is that P is an additive parameter, i.e. the parachor 
of a certain substance is equal to the sum of the individual parachors correspond- 
ing to the different groups forming the molecule, such as CH;, CH,, COOH, 
ester, etc. Definite corrections have to be introduced for double or triple bonds. 

The parachors of the fatty acids have been determined in the work of HUNTEN 
and Maas. They vary from P = 169 for propionic acid to P = 778 for stearic 
acid. Therefore the contribution of each CH, group to the parachor is ca. 40. 
From measurements on the scries of long chain paraffins by VocEL” the 
flowing values are deduced: CH, = 40-0, CH, = 55-6,C = 8-6, and H = 15-6. 

The parachor of the different alkyl esters are given in the comprehensive study 
of VocEL.») Both the methy] and the ethyl series of esters give an average value 
of 64 for the parachor of the —CCO— esier group. 

The mean parachor values calculated from JAEGER’S data increase regularly 
in the series of saturated triglycerides from 700 for tributyrin to 2400 for 
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tristearin. Thus the mean increment for the whole molecule is 121 for every 
additional C atom in the acid chains. Therefore the contribution te the parachor 
of each CH, group in each of the three chains is again of the order of 40. For 
triolein, caleulation of the parachor gives values oscillating from 2340 to 2370 
between — 17° and + 990° and increasing afterwards up to 2420 at 185°. The 
maximum variation is therefore less than 3-5% despite the striking peculiarities 
-__ of the surface tension-temperature curve (see Fig. 4). 


b. The Edtvés constant of fatty substances 


M/p being the molar volume, (Jf/p)? is equivalent to an area and represents a 
quantity proportional to the area per individual molecule on the surface. This 
gives the significance of the expression “molecular surface energy’’ used to 
designate the product y(J/p)?. That the surface energy will vanish when the 
critical temperature is reached = 7',) is obvious; but E6tvés’s reiation 


y(M/p)t = K(T, — T) 


either under this original form or with an additive constant introduced by 
Ramsay and SHIELDS, states furthermore that the molecular surface energy is 
a linear function of the temperature and that A is the same for all liquids. It is 
a striking fact that, with many hundreds of liquid substances investigated, the 
value of K remains between 2-0 and 2:5. For another group of substances, which 
contain an OH group in their molecule (amongst which is water), K varies 
between 1 and 2. . 

The interesting point here is that the most important deviations of this 
coefficient K are shown by long chain organic compounds and specially by fatty 
substances. With the triglycerides for example, K may reach values above 6 and 
varies greatly with the temperature. The values of K for the fatty acids, which 
have been calculated in the work of HUnTEN and Maas, are constant with tem- 
perature but they increase quite regularly from 0-9 for formic acid to 3-0 for 
stearic acid. Values of K for the different esters, which can be calculated from 
the data of VoGEL, are also distributed along a line which rises, with the increase 
of the total .aumher of carbon atoms, from ca. 2-1 for C, to ca. 3-2 for Cy. 

To explain the high but constant values found for the long chain acids, 
HvUnNTEN and Maas suggested that they might be due to an orientation of the 
molecules on the surface. RrpEaL") has given a similar explanation. It is 
obvious that, while the actual area per molecule is independent of the chain 
length if the molecules are oriented (i.e. stand more or less erect) on the surface, 
the area calculated from the molecular volume (.//p)§ can only increase with the 
number of carbon atoms. Assuming that the actual! area per molecule is of the 
order of 25 A? whatever the chain length, Dervicnian® showed that the 
coefficient K for all the long chain acids and alcohols is reduced to a common 
value of ca. 1-1, which seems to be the value for all compounds with an OH gr oup 
and which can associate through H bonding. On the other hand, a similar 
calculation reduces the value of X for the long chain esters and hydrocarbons to 
ca. 2, a value given by the great majority: of substances. 
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3. Molecular orienfation at the surface of fatty substances 


There is no direct and unquestionable proof of the orientation of molecules at 
the surface of liquid and solid fatty substances, and arguments of the sort given 
at the end of the preceding paragraph are rather meagre. 

The partly solidified surface of drops of triglycerides, fatty acids and paraffins 
have been submitted to x-ray diffraction by TrmLat and NowaxkowskE1" 
using a grazing beam tangent to the surface of the drop. The existence of a 
definite “‘orientation”’ has thus been proved in the very thin solidified skin which 
covers the drop of melted substance. What is meant here is that the crystallites 
formed on the surface have a common orientation, i.e. that the well-known long 
periodicity which appears in the crystalline structure of fats (see MaLKrn, Vol. 1), 
end which corresponds to the “‘height’’ of two superposed elongated molecules, 
is directed perpendicularly to the surface of the drop. Nothing, however, can he 
deduced concerning the properly called orientation in the outermost layer of 
molecules, i.e. whether the polar groups of these molecules are turned outside or 
inside the liquid cannot be affirmed. In fact, the same type of organization was 
found by these authors in the solidified skin of paraffins, for which any considera- 
tion of inward or outward attraction on one end of the molecule is irrelevant. 
Strictly speaking, the results of TRLaT and NowakowskI concern only the 
solid surface. Nevertheless, it is probable that at the surface of the liquid fats, in 
view of the discontinuity, the molecules have a certain roughly parallel and 
erect arrangement in which they are entrapped by solidification. 

The structure of the surface of liquid normal fatty acids from C, to Cy, was 
studied by Bovunet* by measuring the elliptical polarization of light after 
reflection on their surface. Using a theoretical relation due to DruDE, the thick- 
ness of the limiting iayer can be calculated from these measurements. The 
values of the thickness thus found remain between 5-5 and 6 A, which is far from 
corresponding to the length of the molecules of the longer fatty acids. Drupr’s 
theory contains, however, a few assumptions on ‘he variation of the refractive 
index in the surface region which are far from being justified for the liquid fatty 
acids. All that can be concluded witb certitude is that the transition from air to 
the inside of the liquid is gradual and not abrupt. 

Observations which are in favour of the hypothesis that the hydrocarbon ends 
of ihe molecules emerge from the surface in contact with air will be mentioned 
later when the orientation at the contact with water will be considered. 


4. Adsorption and orientation of fatiy substances at the surface of their 
solution in oils or organic solvents 


In a paper published in 1927, GirpEert"® had shown that the surface tension of 
liquid petrolatum, which is 31-2 dyne per cm at 20°, is lowered to 30-4 by dis- 
solving 0-0197 mol (i.e. 4-5 g) of myristic acid in 1000 g of it. The same lowering 
to 30-4 dyne per em is obtained with 0-0517 mol (8-1 g) of pelargonic acid. A 
first point to be noted is that the surface tension of pelargonic acid at 20° is 
29-5 dyne per cm. The greatest lowering to be hoped for by adding pelargonic 
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acid to the mineral oil would therefore be to the value of 29-5, when practically 
all the liquid would be constituted by the acid itself. The important fact is that 
the addition of only 8-1 g of pelargonic acid in 1000 of oil already brings the 
surface tension down to 30-4, while if an additivity effect was simply involved 
such a proportion would produce a lowering of less than 0-02 dyne per cm. 
Another point is that myristic acid is certainly much less soluble in hydrocarbons 
than is pelargonic acid and that less myristic acid is needed to produce the same 
effect. This relation between solubility and surface activity will be fully 
illustrated in the case of adsorption at the air-water interface. 

More recently, DEsNUELLE and Motrves"”) have measured the surface tension 
of triglycerides in which less than 1°% of phospholipids had been added. With 
one phospholipid, the addition of 0-6% lowered the surface tension from the 
original value of 36-6 to 33-5 dyne per cm. With another, it was lowered to 33-1 
with an addition of 0-7%. Using an optical method due to MerIcovx"® these 
authors have been able to detect the presence, on top of the oil, of a film of 
phospholipid which flows back with a certain pressure after it is swept aside. 
This film is far from being monomolecular in thickness: in some cases its thick- 
ness can be estimated to 0-55u. What happens actually in the present case is an 
accumulation of the phospholipid in the surface region, the concentration 
decreasing gradually from the surface towards the interior of the oil. When 
measuring the surface tension of oils containing phospholipids by the ring 
method, a persistent film remains attached to the ring™ whieh must evidently — 
be attributed to the presence of this layer. 

The question remains open as to how the molecules of fatty acid or phos- 
pholipid are oriented in the adsorbed layer at the surface of their solution in 
oils. GILBERT assumes that the adsorbed fatty acid molecules have their polar 
groups turned outside, the chains being more soluble in the hydrocarbon oil. 
This is also the picture given by DESNUELLE and MoLrNEs concerning the phos- 
pholipid molecules at the surface of the triglyceride. This argument, which is 
intimated from what is admitted for monolayers spread on water, actually 
suffers from lack of any even indirect evidence. 

A paper by Jones and SaunDERS*™ ilhustrates an extreme case for solutions 
of fatty acids in organic solvents. Here the solvent, nitroracthane, is strongly 
polar and, from tl.is point of view its case is similar to that of aqueous solutions 
which will be analyzed later. For pure nitromethane y = 36-4 dyne per cm. 
Normal fatty acids from C, to C, have been studied. Increasing concentrations 
of each of these acids in nitromethane lowers the surface tension to values as lov 
as 27-2 dyne per cm. The surface activity of the fatty acids increases with the 
chain length, e.g. if, with the C; acid, a molar fraction cf only 0-15 is needed to 
obtain a surface tension of 29-4 dyne per cm, more than a molar fraction of 0-6 
is needed with acetic acid to get the same lowering. From the extreme con:en- 
trations used by these authors, it appears clearly that they have been limits | by 
the solubility which decreases with the chain length. The surface activity is 
therefore roughly inversely proportional to the solubility. This genera! -ule will 
be amply illustrated in the case of aqueous solutions. 
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Il. Tue Scrrace or Fatry SusstTaNces rs Contact WITH WATER 


The existence in the molecules of fatty substances of a polar group (either acid 
or ester), with which water molecules can interact (mainly by dipole-dipole 
forces) more strongly than with the hydrocarbon groups, creates very particular 
conditions at the contact between water and these substances. Determination 
of the interfacial tension constitutes, even more here, an excellent indirect way 
to obtain information not only about the structure of the interface but also about 
the interactions across this surface. 


1. Interfacial tension between water and fatty substances 


The free energy of the interface between two liquids 1 and 2 (and consequently 
the interfacial tension y, .) is related to the surface free energies y, and y, of each 
of the two liquids by the relation of Duprt: 


Ye — Wis 

W,,, represents the work of adhesion, i.e. the work which must be spent at con- 
stant temperature in order to separate the two liquids in contact and which is 
somehow an estimate of the attraction between the two species of molecules. 

“The opinion that the interfacial tension y,, between an organic liquid and 
water depending on their mutual affinity (of which W,,, is a measure in the 
relation of DupRE) is therefore in close relation with the mutual solubility of the 
liquids has been more or less clearly expressed for a long time by different 
authors. (3), (22) But the most convincing proof that y,. is a continuously 
decreasing function of the mutual solubility of water and a great variety of 
organic liquids has been given in a recent publication of DoNaHUE and Bar- 
TELL.'*5) The interfacial tensions at various temperatures between water and 
different liquid substances, with which we are particularly concerned here, have 
been grouped in Table 1. These values have been taken from different 
publications which are indicated by superior reference numbers in parenthesis. 


Table 1. Interfacial tensions against water 


Acide and alcohols Esters and glycerides 


| 
| 

| °C | dyne/cm | dyne/cm 
| 


n-Buty] alconol | ]-§8'23) | Monostearin . 1-90" 
Isovalerianic acid 2-7) | Ethy!] acetate 6-823) 
Caproic acid . §-2'39) | Butyi acetate 
Heptylic acid. 6-6") | Amy] acetate 10-0'34) 
Caprylic acid 8-2) | Ethyl butyrate 14-822) 
Caprylic acid . 8-0'39) | Ethyl nonylate | 23-99) 
Octy]l alcohol . ; 8-7'2) | Ethyl caprinate 22-0133) 
Undecvlenic acid a3 10-1) | Ethy] laurate ‘ 25-01) 
Lauric acid 10-5°* | Ethyl palmitate. 26-5'39) 
Ricinoleic acid . . j 14-2) | Triolein ‘ ‘ 
Oleic acid 15-7) | Cotton seed oil 28-0!) 
Oleic acid ‘ 15-09) | Octane -| 2 50-233) 
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From the examination of this table, it appears most evident that, in both the 
series of fatty acids and that of esters, the interfacial tension against water is 
related to the chain length or-more directly to the solubility of the fatty sub- 
stance in water. This latter point of view has the advantage of including also 
the action of temperature: e.g. amyl acetate, although containing more carbon 
atoms, has a lower interfacial tension at 70° than butyl acetate at 25°, but 
increase of temperature also enhances the mutual solub.lity. In the main, the 
interfacial tensions between water and the esters are higher than those between 
water and the fatty acids. This is certainly related to the lower affinity for 
water of the ester group in comparison to the affinity of the acid group. But, 
despite its COOH group, oleic acid in contact with water has an interfacial 
tension rather higher than that given by cthyl butyrate which is an ester. This 
shows that the solubility of the whole of the molecule has to be taken into 
consideration, a short chain ester being more soluble than a long chain acid. The 
fact that the deciding factor lies nevertheless in the nature of the polar group is 
shown when compounds of the same chain length are compared: e.g. there is no 

“measurable interfacial tension between water and butyric acid, while ethyl 
butyrate gives 14-8 dyne per cm at 30°C. 

With a given fatty acid the solubility can be increased, and hence the inter- 
faciai tension lowered, by ionizing the COOH group. Thus, by increasing the pH 
of the water in contact with a fatty acid, the interfacial tension decreases. As 
an extreme case, if a sufficient amount of alkali is introduced in the water, the 
interface may even vanish and the fatty acid may dissolve in the forin of soap. 
The influence of pH on the interfacial tension between water and fatty sub- 
stances was studied by HartripceE and Peters.) With oleic acid against 
distilled water at 16°, an interfacial tension of 12-7 dyne per cm was found, 
which incidentally is lower than the value found by other authors and is perhaps 
due to the impurity of the acid used. The important observation, however, is 
that the same value is found at different H ion concentrations below pH 5-6; 
the interfacial tension decreases with increasing pH reaching the value of 
1-4 dyne per cm for pH 7-6. This change is also related to the concentration of 
salt in the water phase, for if, instead of using the normal quantity of buffer 
(0-05 f of phosphate) this is diluted to 1/10, the interfacial tension rises to 
12-8 dyne per cm at pH 7-6. Similar effects were found with ricinoleic acid. 

This change of the interfacial tension above a certain value of the pH is 
evidently related to the ionization of the acid group. It is more difficult to 
explain the fall of the interfacial tension between water and triglycerides or long 
chain esters when the pH is increased above 5, unless the presence of traces of 
free fatty acids may be suspected in these oils. This is highly probable in the 
case of the olive oil used by HaRTRIDGE and PETERS, although it is claimed that 
it was purified by boiling with water; with this oil the interfacial tension ~vas 
vanishingly small at pH 9-2. However, with pure triolein as well the interf cial 
tension at 16-3° fell from 20-4 to 12-1 dyne per cm when pH 7-4 was reached. 
These facts will be discussed later in the section on the water-solvent i. :erface. 

The specific action of the polar group appears much more clearly when the 
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adhesion work W, », calculated from the Dupré relation, is considered instead of 
the interfacial tension. However, in order to compare the different type of 
molecules, the corresponding adhesion works should be calculated for the same 


Table 2. Adhesion work (erg/em?) 


Fatty acids Esters and oils 
°C 

C, Butyric Ethy] acetate -| 20° 89-8 

C, Butyric ° : -| 60° 89 Ethy] acetate . -| 60° (80) 
C,Isovaleric . -| 20° 95-4 n-Buty] acetate | 83-5 
C,Caproic . . «| 20° | 95-4 | Ethyl butyrate . ./ 20° | 82-1 

C, Caproic ° : -| 60° | (86-8) | Ethyl butyrate * -| 60° (73) 
C; Heptylic | 94-5 Ethy] caproate -| 20° 73-1 
c, Octylic. 93-4 Ethyl nonylate -| 20° 76-6 

C, Octylic. . . -| 60° 83-0 | Ethyl] nonylate ‘ -| 60° (68) 
Cy, Oleic . ; .| 20° 89-6 | Ethylcaprinate .| 60° | 68-7 
C,, Oleic . -| 60° {80-7) | Ethyl laurate -| 20° 74-6 
C,, Ricinoleic . -| 20° 94-2 | Ethyllaurate .. -| 60° 66-1 
Ethyl palmitate. -| 60° 65-2 
Triolein -| 20° 80-] 
Cotton seed oil ‘ -| 70° 68-4 

| Octane -| 20° 44 


temperature. This has been done for 20° and 60° using the surface tension data 
of Figs. 1, 3, and 4 and the interfacial tension values gathered in Table 1. Some 
of the latter had to be extrapolated for the temperature of 20° or 60°. For water 
y = 72-8 dyne per cm was taken for 20° and y = 66-2 for 60°. Table 2 gives the 


ACIDS AT 20° 
NJ ESTERS AT 20° 
ESTERS AT 60° 
60 | 
NUMBER OF C ATOMS 


(2345678690 2 4 & 8 


Fig. 8. The work of adhesion shown as u function-of the chain length for the fatty 
acids and their esters at two different temperatures (20° and 60°). 


calculated values of W,., for different fatty acids, esters and oils. By plotting, 
as a function of the chair length, the values concerning the fatty acids and ethyl 
esters (Fig. 8), it appears clearly that, at a given temperature, the work of 
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adhesion to water does not vary much with the chain length of the molecule 
when the latter contains more than 8 or 10 C atoms. As would be expected, the 
work of adhesion at a given temperature decreases with the decrease of affinity 
of the functional group for water. The important point, however, is that above 
a certain chain length only the polar group of the molecule seems to be implicated 
in the adhesion to water. For the shorter chains the solubility of the entire 
molecule seems to intervene. 


2. Orientation of fatty substances at the contact with water 


Harpy") was the first to find that the work of adhesion to water is determined 
by the nature of the polar group present in the molecule of an organic liquid. 
He also was the first to deduce from this that on the interface the molecules of 
the organic liquid must be oriented with their polar groups in contact with 
the water. 

Is there any direct proof of this orientation? The same x-ray method which 
they had utilized for the examination of the surface of fats was applied by 
TritLaT and Nowakowski to the study of very thin films of fatty substances 
solidified at the surface of a drop of water. There is undoubtedly a marked 
crystalline orientation in these films with the sheets of erect molecules parallel 
to the surface, but strictly speaking this result does not give any information 
about how the molecules are directed in the first laxer in contact with the water. 

Devaux" has tried to give an answer to this question. Fatty substances 
whieh have been melted on hot water give, after cooling, plates with faces 
having very different wettabilities. Water rolls on the upper face, while it 
adheres on the lower face forming either drops or a continuous film. Similar 
experiments were done by Apam and Jessop*® with long chain acids and 
alcohols by measuring the contact angle with water. This angle was practically 
the same as with paraffin wax for the surface which was in contact with air 
during soiidification. The experiments failed, however, when an attempt to 
stvdy the surface solidified in contact with water was made. Nretz‘*”) was more 
successful in measuring smaller contact angles with this particular surface. He 
was able to show an alternating variation between the odd and even fatty acids. 

It should be emphasized that the contact angle between a solid surface and a 
liquid which has a strong affinity for it must not necessarily be zero. On the 
contrary, as a consequence of the affinity, the molecules anchor to the solid 
surface and prevent the liquid from advancing. However, once the surface is 
wetted, the liquid remains attached. This is the conclusion to which experiments 
of Wooc®) on the spreading of different oils on the surface of metals !ead. 


II. Action or Fatry SuBsTaNCES ON THE WATER-ORGANIC SOLVENT 
INTERFACE 


1. Fatty substances dissolved in the organic liquid phase 


The interfacial tension between a paraffin oil and water is relatively Irrge as a 
consequence of the weak mutual affinity of the two liquids; but if a fatty acid is 
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dissolved in the paraffin ail, it produces a decrease of the interfacial tension. The 
same phenomenon occurs if the fatty acid is dissolved in a triglyceride. These 
facts were first established by Donnan‘) in 1899. Actually, a certain length of 
time is required after the water has been put in contact with the organic solvent, 
before an equilibrium value of the interfacial tension is reached. During this 
interval, which may last from a few minutes to several hours, the interfacial 
tension decreases more or less exponentially, the greatest fall occurring at the 
beginning. A recent analysis of the kinetics of this phenomenon, which is due 
to the progressive adsorption of the dissolved substance at the interface, may be 
found in three articles by Warp and Torpa1.™) The method employed should 
therefore be such as to permit measurements at varying intervals after the 


formation of the interface. 
Thanks to the systematic determinations of different authors, it has been 


possible to collect in Tables 3 and 4 the interfacial tension values against water 


Table 3. Interfacial tensions against water (y, . in dynes/em) 
of solutions in organic solvents 


Acid C, Cc, C, Cre Cis Cy, | Oleic 
= 
n — 4 
z | 
Moie/1000 g 
solv . 30° | 33° | | 23° | | 23° 60° | 25° 60° 


| 
0 34-6 | 34-5 | 50-8 | 24-9 | 34-5 | 48-2 48-4 | 50-0 | 35-1 | 50-0 
24-0 | 32-5 | 37-0 | 35-5 | 38-5 33-2 | 34:2 | 39-1 | 34-2 | 40-25 
| 


35-0 | 31-2 | 32-7 | 36-0 | 33-0 | 37-3 


| 
0-05 | 28-5 | 30-4 | 33-0 | 23-0 | 29:5 | 33-6 | 31-5 | 
0-1 26-4 | 28-2 | 29-5 | 21-5 | 27-5 31-0 | 28-8 | 32-3 | 29-2 | 30-0 | 33-5 | 31-8 | 35-0 
0-2 23-6 | 26-0 | 26-4 | 20-0 | 25-7 | 27-9 | 26-0 | 29-9 | 26-8 | 26-3 | 31-1 | 30-7 | 32-7 
0-5  °| 20-4 | 22-5 | 22-0 | 17-2 | 23-3 | 24-0 | 21-6 | 24-0 | 23-8 | 23-75 | 27-1 | 28-5 | 29-5 
! 17-3 | 19-0 | 18-3 | 15-0 | 21-4 21-0 | 18-5 | 21-1 | 20-0 | 22-30 | 23-5 | 25-8 | 26-65 
2 13-7 | 17-5-| 15-4 | 13-5 | 19-0 | 15-4 | 18-1 | i8-3 20-4 | 23-5 | 24-0 
10 5-1 9-2 (13-5) | | 14-2 18-3 
30 3-3 | | | 9-8 | | 12-3 16-5 
Pure acid | (0) | (5-2) (5-2) | | 9-8 | (10) | (10-5) (15-0) 
| | | 


of solutions.of fatty acids and esters in different solvents at different tempera- 
tures and concentrations. Jn order to be easily comparable, the interfacial 
tensions have been interpolated from the data of the different authors for a 
series of chosen concentrations. The data for butyric acid haye been taken 
from the old work of Harxrxs and Krxc.%") The data on other fatty acids 
dissolved in benzene, tetradecane, cyclohexane, and nitrobenzene are taken 
from two more recent papers by Hutcurxson.'*) Interfacial tension values with 
heptane containing fatty acids or long chain ethyl esters have been measured 
by SEELIcH.) These two last authors have measured equilibrium values. 
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Table 4. Interfacial tensions against water (71, 2 in dynes/cm) 
of solutions in organic solvents 


Ethyl caprinate Ethyl laurate Ethyl palmitate 
60° 60° 60° 


(50-0) (50-0) (50-0) 
47-0 47-0 47-5 
45-5 45-5 45-95 
44-2 
43-0 43-1 
39-4 . 40-9 
36-3 38-2 
34-2 35-7 
28-8 30-3 
23-5 . 28-3 
22-0 . 26-5 


It appears from these tables that the value of the interfacial tension given by 
the solvent itself ceases to have any importance even for relatively small con- 
centrations of the dissolved fatty substance. For example, although the inter- ~ 
facial tension of heptane against water is 50-8 and that of benzene only 34-5, — 
solutions of the C, acid in heptane, above 0-2 mol per 1000 g, give lower inter- 
facial tensions than the corresponding solutions in benzene. It appears also that -- 
values of the interfacial tension given by solutions of different acids in organic 
solvents increase with their length, as for the pure acids (e.g. Cg < Cy. < oleic in- 
heptane at 60°). For a given chain length, the addition of an acid to a solvent 
lowers the interfacial tension more than the addition of an ester. This is similar 
to the conclusion made in the preceding section concerning the water-fatty 
substance interface. 

A still greater lowering of the interfacial tension is produced by the series of 
monoglycerides. Thus, Gros and Fsvee*) have found that 0-7% (i.e. 0-02 mol 
in 1000 g) of monosteurin at 70° lowers the interfacial tension of a mineral oil 
against water from 48 to only 1 dyne per em. This important effect is evidently 
related to the greater solubility in water of the polar end of this molecule, which 
in addition to one ester group has two free OH grouvs. The same authors have 
shown that the lowering of the interfacial tension is also related to the length as 
well as to the nature of the hydrocarbon chain of the dissolved monoglyceride, 
when the solvent is a mineral oil. 

The nature of the solvent has, nevertheless, to be taken into consideration. 
As noted above, benzene and heptane or tetradecane show minor differences in 
the interfacial tension at a given temperature when acting as solvent for equiva- 
lent quantities of a fatty acid; but caprylic acid, for example, gives much lower 
interfacial tensions against water when dissolved in nitrobenzene thay when 
dissolved in cyclohexane. This might be in connection with the fect that fatty 
acids are generally less soluble in cyclohexane than in nitrobenzene 

Change in pH of the water in contact with the organic solvent produces the 
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same variation in interfacial tension—and for the same reasons—as was de- 
scribed for the water/fatty acid interface. Donnan had found that a paraffin 
oil containing 0-6% stearic or lauric acid showed a large decrease of the inter- 
facial tension when in contact with water containing N/100 NaOH. He also 
observed the same effect with olive oil or rape oil containing free fatty acids. 
HakTRIDGE and Perers'*?, (35) examined the behaviour of solutions of fatty 
acids and long chain esters in benzene in contact with water at different pH 
values. The concentration of fatty substance was such that below pH 5 it 
produced little change of the interfacial tension, but with higher pH values a 
marked lowering occurred. It is difficult to understand the marked lowering of 
interfacial tension with esters and triglycerides at pH values of 8 or 9 when 
hydrolysis cannot yet occur to produce free fatty acids. Before offering any 
interpretation it should be confirmed that the esters contained no trace of free 
acid. It is, however, reasonable to admit, as was proposed by Peters, that, even 
before the beginning of hydrolysis, less drastic interactions must occur between 
the ester group and the ions of water. 

According to the thermodynamical relation of Grpss, if the interfacial free 
energy between water and the organic solvent is lowered by the addition of a 
fatty substance, it follows that the latter must concentrate at the interface. 
Nearly all of the authors who have measured interfacial tensions have used the 
relation of GisBs under different forms to calculate the excess fatty substance in 
the surface region anc have found that it agrees fairly well with the assumption 
that it is under the form of an adsorbed single layer of molecules more or less 
oriented on the interface. 

: A. very instructive experiment due to Lancmumr®® gives a more concrete 
demonstration of the mechanism of this adsorption. Pure paraffin oil does not 
spread on water, but if a large drop of paraffin oi] containing stearic acid at a 
very weak concentration (10-5 to 5-105 by weight) is deposited on the surface of 
acid water, it spreads slowly up to a certain limited area which is related to the 
amount of stearic acid contained in the drop. If now it is assumed that the 
spreading is due to the adsorption of stearic acic molecules on the interface, the 
proportionality of covered area to the quantity of fatty substance in the paraffin 
oil permits a calculation of how much stearic acid has come to the surface. This 
represents only a fraction of the total stearic acid showing that there is an 
equilibrium between what is on the surface and what remains inside the paraffin 
oil. If, on the contrary, the water is alkaline, then the drop expands much more 
and all the stearic acid comes to the surface and forms a monomolecular layer. 
This stronger adsorption on alkaline water is in complete agreeinent with the 
experiments of DoNNaN or HARTRIDGE and PETERS. 

It may be said that molecules of stearic acid coming in contact with alkaline 
water are entrapped since they become ionized and it is well known that soaps 
are much less soluble in organic solvents than are the corresponding fatty acids. 
On the other hand, at the contact with acid water they can be adsorbed and 
will redissolve according to a certain distribution equilibrium. 

From what has already been said, it should be clear that lowering of the 
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interfacial tension with increasing pH is the consequence of two converging 
actions: (a) increase of the number of adsorbed molecules due to the decrease by 
ionization of their solubility in the organic solvent; (5) increase of the work of 
adhesion (affinity for water) as a consequence of the ionization of the COOH 
group. 
2. Fatty substances dissolved in the aqueous phase 

The question now to-be considered is the behaviour of the interface between 
water and a liquid hydrocarbon when alkaline salts of the fatty acids are dis- 
solved in the aqueous phase. Here again the classical work of Donnan and 
Portrts'3”) on the action of these salts on the interfacial tension between water and 
hydrocarbon oil appears to be of fundamental importance. Although the drop 
volume method was used without any correction and without allowing sufficient 
time for ageing of the interface, the results of DoNNaN and Ports retain their 
significance. Solutions at 17° of the sodium salts of 11 fatty acids, from C, to 
C,, at different concentrations were studied. Starting the series with the C, fatty 
acid salt, it was found that, for a given concentration (either J//200 or 3f/400) 
the interfacial tension began to fall significantly with the C, compound. From 
then on, the action increased rapidly with the chain length, so that with J//200 
Na-myristate, the liquid flowed without forming drops. Much stronger concen- 
trations were needed with the short chain acids to produce marked lowering of 
the interfacial tension. 

Evidence of the adsorption of the soap at the interface can be found in the 
work of FisHER and Harxrss‘**) who determined the amount of Na-oleate- 
adsorbed on the surface of droplets in an emulsion. The adsorbed quantity was 
calculated by determining the change in concentration of soap in the aqueous 
phase. The area of the adsorbing surface was determined by measuring the 
mean diameter of the droplets into which a known volume of oil kad been dis- 
persed. The area per molecule adsorbed on the interface varied between 45 A? 
and 20 A? according to the age of the emulsion. 

From what we know about the relation between ionization of the COOH 
groups in contact with water and the value of the interfacial tension, it is not 
surprising to find that increase in the pH of the scap solution in contact with a 
liquid hydrocarbon decreases the interfacial tension. Indeed this fact had been 
noted long ago both by ELLEDGE and IsHERwoop™ and by SHortTER' who 
found that the addition to the soap solution of various alkalies, such as NaOH, 
KOH, Na,CO,, or trisodium phosphate, increased the number of drops. On the 
other hand, if bi-carbonate is added to the soap solution, which originally had a 
pH of ca. 9-5, the pH will be lowered towards pH 8 and the interfacial tension 
will increase, as was observed by Powney and Appison.'*)) These authors have 
studied systematically the variation of the interfacial tension between xylene 
and different soap solutions at different concentrations, and pH values. With 
all these variables, the complete picture appears very complicated, espec.ally if 
the temperature is not taken into account. 

The complications are mainly due to changes of state in the soap solution 
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itself. It happens, for example, that although at the same temperature (or 
rather because they are at the same temperature) and concentration, solutions 
of two different soaps are in completely different states. This is not the place to 
describe the constitution of soap solutions, but a few facts should be recalled in 
order to undcrstand their surface properties. There is a temperature below which 
a soap crystallizes from its solutions. This temperature, called Krafft point, 
varies with the chain length of the fatty acid and with the nature of the cation. 
Thus at room temperature, the sodium soaps of all the acids from C,, to Cy, 
(with the exception of the unsaturated compounds) are below their Krafft 
point and Na-myristate, for example, dissolves completely only above 55°. 
On the other hand, K-laurate, at room temperature, is already above its 
Krafft point. 

In the complete miscibility region (i.e. above the corresponding Krafft point) 
there is a critical concentration for each soap, below which it is dissolved in the 
form of separate molecules. For higher concentrations all the rest of the soap is 
dissolved in the form of micelles constituted by the association of a number of 
molecules. It might be said that the critical concentration corresponds in a way 
to the saturation of the molecular solution and indeed many properties nearly 
reach a limit at this concentration... The important point is that the critical 
concentration decreases when the chain length of the fatty acid increases. It 
also decreases, for a given soap solution, when the pH is lowered or if increasing 
amounts of electrolytes are introduced. Generally speaking, any factor which 
decreases the solubility also decreases the critical concentration for micelle 
formation: i.e. it produces saturation of the molecular solution at lower 
concentrations. 

The bearing of these different factors on the surface properties can now be 
considered. The passage from complete dispersion in water to precipitation 
under the form of crystallites when the temperature falls below the Kraft point, 
corresponds evidently to a sudden decrease :n solubility of the soap molecules. 
The adsorbed layer will therefore produce a minor decrease in the interfacial 
tension. It is thus possible to understand the results of Hirose and SHiIMo- 
muRaA‘4?) who determined the interfacial tension, by the drop volume method, 
between petroleum oil and solutions of soaps of various saturated and unsaturated 
fatty acids at different concentrations. Below 40°, Na-stearate shows no signifi- 
cant effect, while Na-oleate, and even more linolenate and linolate, produce 
marked lowering of the interfacial tension. At 80°, the action of stearate is 
comparable with, if not higher than, that of oleate. It is sufficient to note that 
the Krafft point of Na-stearate is ca. 70° and that of the sodium salts of the 
unsaturated acids quite below room temperature. 

If a constant alkaline pH is maintained, the interfacial tension decreases 
regularly with increasing concentration of soap in the aqueous phase until the 
critical eencentration is reached and then remains practically constant, as if 
indeed the solution had been saturated. Thus the critical concentration is 
attained at much lower concentrations when the fatty acid chain is longer (e.g. 
0-02 molar for Na-laurate and 0-0007 molar for Na-palmitate at 70° and in 
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presence of 0-1%, of NaOH). It follows that a much smaller concentration of a 
fatty acid salt will produce a given decrease in interfacial tension when the chain 
is long than when it is short (see PowxEy and Appison‘*) for example). 
Therefore, if comparative measurements are made with soaps of fatty acids of 
different chain length at the same molar concentration and at room temperature, 
as was done by Cavier,'*? it will appear that the interfacial tension decreases 
very rapidly with the chain length up to about C,,. However, as the temperature 
is below the Krafft points of the longer chains, the solutions of palmitate and 
stearate will seem less active. The resulting effect, due to these two opposing 
factors, will be that of a maximum action with the C,, or C,, acid; yet the 
unsaturated C,, acid salts will show a markedly strong action. This maximum 
with the C,, or C,, chain will obviously disappear if the comparative study is 
made at a temperature (e.g. 80°) at which even the stearate is above its Krafft 
point. Quite often the determinations reported in the literature concern Na soap 
solutior: which have been studied at room temperature (i.e. below their Krafft 
point). This adds unnecessary complications arising from the metastable and 
therefore hardly reproducible state of a soap solution when it is cooled to a 
temperature at which it eventually precipitates. , 

It is easy to understand that, as the addition of an electrolyte decreases the 
critical concentration, the addition of, for example, NaCl to a soap solution will 
be equivalent in certain respects to increasing its concentration. The result will 
be a lowering of the interfacial tension with increasing quantities of NaCl or KCI 
as observed by SHorTER'*) and by Powney and Apprson.'* These last 
workers found that the addition of increasing quantities of 1 mixture of Na,CO, 
+ NaHCO, produces first an increase of +,,, and then a decrease. 

Fatty acids being weak acids, their salts undergo hydrolysis with dilution and 
when the pH is lowered. From this, new complications arise. One of the 
consequences, namely the change in critical concentration, has already been 
mentioned. Ancther, which has been considered by PownNEy and AppiIson‘*) 
and by Davis and BarTELL,'**) is the diffusion of the liberated free acid through 
the interface into the organic phase where it is soluble. Thus, the length of 
time necessary for the interfacial tension to reach a steady value is increased 
considerably by the time required for diffusion of the free acid to reach 
equilibrium. 

It has already been mentioned how, in relation to pH, the degree of ionization 
of the adsorbed molecules affects the work of adhesion and consequently the 
interfacial tension. Moreover, for each concentration of soap and for each chain 
length of fatty acid, a different extent of hydrolysis occurs at different pH values. 
This in fact changes the composition of the solute and therefore its solubility 
(i.e. its critical concentration). The variety of reported results obtained by 
changing both pH and concentration can thus be understood. It is sigr‘ficant 
that, by adding a sufficient amount of NaOH (0-1°%) to suppress hydrc ysis at 
any concentration and by doing measurements at 70°, Powxey and Appison‘!)) 
have obtained much more coherent results with varying chain len ths of the 
fatty acid. 
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3. Phosphatides dissolved in triglycerides 
The interfacial tension between triglycerides and water is modified by the 
presence of phosphatides in the oil phase. Here again the equilibrium value is 
reached sometimes only after 30 min. The lowering of y,,, is a function of the 
concentration of phosphatide. With a certain sample of triglycerides, investi- 
gated by DEsNUELLE, MoLrves, and Dervicuian,'*®) y, , fell from the original 
value of 30 dyne per cm to only 8 dyne per cm by adding 0-11% phosphatide 
dissolved in the oil phase. Phosphatides which are soluble in the oil phase do not 
dissolve, but only swell, in water; their affinity for water is therefore greater 
than that of fatty acids. This character explains the considerable lowering 
produced in y,, and also the fact that their adsorption at the water-oil interface 
is not merely limited to the formation of a single layer. After a few hours of 
contact, a visible skin is formed at the interface which is itself a phase swollen 
by water. Details about the nature of this phase, composed of triglycerides, 
phosphatides and water associated in certain proportions, can be found in the 
original paper. 

Visible films appearing at the interface Letween different oils (olive, castor, 
cod-liver, mineral) and aqueous solutions of different emulsifying agents 
(Na-oleate, glycocholate, gelatin, saponin) after a contact of 24 hr to 15 days 
have been described by SERRALACH and Jones.) They are probably similar to 
those obtained with phosphatides and described above. 


4. The direct spreading of substances at the water-oil interface 


Instead of leaving a soluble substance to be adsorbed at the interface from its 
solution either in the water or the organic phase, substances, which are prac- 
tically insoluble in both of the liquids, can be brought into contact directly with 
the interface on which they immediately expand. 

If the molecules of the substance are of the polar-non-polar type, orientation 
on the interface places each of their two parts in its mo~ suitable solvent. While 
the substance cannot migrate in any other direction because of the insolubility 
of the whole of the molecule in both of the liquids, diffusion can occur with the 
greatest ease in the plane of the interface since each of the two ends of the 
molecule is maintained in its own solvent and moves in it. To this surface 
diffusion corresponds an interfacial osmotic pressure or simply interfacial 
pressure. This pressure, which tends to expand the adsorbed layer of molecules, 
acts in opposition to the interfacial tension, which on the contrary tends to 
contract the interface. It can be demonstrated that, if y,,. is the interfacial 
tension before the adsorption of the substance, the resulting value of the 
interfacial tension after spreading has occurred is: 


Yue 
Inversely, the interfacial pressure of the adsorbed layer can be determined by 
measuring the lowering of the interfacial tension: 
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In fact, ASKEW and DanreE.i'*®) have measured directly the expansion 
pressure of substances spread at the interface between water and bromobenzene 
by adapting Lancmuir’s method (see next section on monolayers) to the study 
of this interface. Unfortunately, practically all fatty substances are more or less 
soluble in the organic phase, if’not in the water, and they tend to leave the 
interface. Only a very long chain amide and an amino-acid could give inter- 
facial films. ALEXANDER and TEORELL"* studied the expansion of phosphatides 
at the water-benzene interface. They found that the addition of calcium ions to 
the water increases the anchorage to the interface of kephalin molecules which 
have evidently a tendency to diffuse into the benzene. 

Despite its very great interest, this field of rescarch is not yet developed. 


IV. Monouayers or INSOLUBLE Fatty SUBSTANCES SPREAD AT THE 
SURFACE OF WATER 


1. Introduction and methods 


If the surface of water is touched with a platinum wire carrying a very small 
quantity of oleic acid or triolein, the fatty substance spreads very rapidly and 
remains on the surface. The phenomenon can be followed easily if the surface of 
the water is previously sprinkled with talcum powder: the spreading substance 
sweeps the surface pushing the grains of talcum to the edges of the trough which 
contains the water. The polar groups of the spreading molecules dissolve and 
diffuse on the surface, but the insolubility of the long hydrocarbon chain prevents 
any diffusion inwards. To this surface solution and diffusion corresponds a 
. surface pressure 7 which can be defined similarly to the interfacial pressure at the 
end of the preceding section. 

The surface tension of water is lowered from its original value y to a new 
value y’ such that y’ = y — z. This lowering of the surface tension of water by 
contamination led RayLeicH to the determination of the smallest amount of oil 
which could produce it and to the conclusion that it corresponded to the thick- 
ness of only one molecule. In fact there is no limit to the expansion of the fatty 
substance except the boundaries of the surface of the water, and the surface 
pressure decreases indefinitely with the indefinite expansion. If the area is 
Jarge enough in comparison to the deposited substance, this will spread more and 
more until all the molecules come into contact with the surface of water, so that 
the thickness of the film is reduced to only one layer of molecules. Even then 
expansion proceeds and the molecules, while held on the surface, scatter away 
from each other as long as there is space available. 

The way of sweeping the surface of water and of using barriers in order to vary 
the area, which are at the basis of the study of monomolecular films, is entirely 
due to AGNES PocKELs. Suppose that in front of the expanding film, a strip of 
thin paraffined mica foil is placed so as to float on the water and to bar all 1e 
width of the surface. Thus a clean space is isolated bchind this float and, the 
invading film, under whose pressure the floating barrier can be carried a ay, is 
in front. Different mechanical devices can be imagined which enable one to 
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measure the force necessary to maintain the barrier in its zero position. In 
addition, a second barrier can be placed behind the film so as to border it at the 
opposite side to that of the first floating barrier. By moving this second barrier, 
the area available for the film can be varied. It will actually act as a “piston” 
compressing or expanding the surface film, while the first floating strip acts as 
the membrane of a manometer. This is the principle of the apparatus first 
imagined by LaNcmuIr and to which diflerent modifications have been brought 
by different authors. Technical details can be found in Apam’s well known 
book. ‘50 

Consider a film of oleic acid or triolein which has been left to expand to a large 
extent and is then gradually compressed. The surface pressure increases with 
decreasing area until a point is reached where, through lack of snace, the mole- 
cules leave the surface to collect into droplets. The film is said to collapse. It 
may also be said that there is passage from a two-dimensional state to a three- 
dimensional (ordinary) state. With a solid substance, such as stearic acid 
deposited on water at room temperature, spreading from the crystal is slow and 
stops when a relatively low pressure is reached. An important fact is that the 
spread monolaycr can then be compressed to much higher pressures before it 
collapses. With increase of the temperature the spreading pressure also rises 
gradually until the melting point is reached, where the behaviour is similar to 
that of oleic acid. The surface pressure of spreading for different temperatures 
and different fatty acids and esters have been determined by Cary and 
RIpEat. 

To facilitate the spreading of a solid substance it is dissolved in a volatile 
soivent, such as benzene or petroleum ether, which itself spreads readily on 
water. After evaporation of the solvent, the molecules of the substance remain 
spread on the surface. This method, due to Devaux, is used as well for liquid 
fatty substances, for it allows the determination of the quantity spread by 
preparing titrated solutions and measuring the deposited volume. Thus for 
every position of the piston, which fixes a certain surface on the LANGMUIR 
trough, the available area per milligram of substance or, following LaNcmuz, 
the area, expressed in square Angstrém (A?), per individual molecule, can be 
calculated. With the corresponding measured values of the surface pressure for 
a given temperature, curves can be plotted which represent the surface pressure 
7 as a function of the area per molecule A. These 7 — A isotherms are the two- 
dimensional analogues of the more familiar tri-dimensional pressure-volume 
(P — V) isotherms. 

The contact potential between two phases corresponds te the work which is 
spent when electrons are carried from one phase into the other across the limiting 
surface. In one of the methods for measuring this potential at the water-air 
- interface, an electrode is held a short distance above the surface of the water and 
the air gap between the two is ionized to make it conducting. -An electrometer 
is placed between this electrode and anuther one which dips in the water. A zero 
method may be adopted by introducing a potentiometer and determining the 
electromotive force of the whole circuit by opposition. Details of construction 
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have been given by different authors and a recording apparatus has been de- 
scribed by Dervicnian.”) The introduction of a dense monolayer on the 
surface of the water produces a change in the air-water contact potential which 
is of the order of many tenths of a volt. This shift of the potential is called the 
surface potential of the monolayer. It varies with the substance and with the 
area per molecule as well as with the pH and the salt concentration of the 
underlying aqueous phase. 

The increase of surface viscosity of water due to the presence of a fluid 
monolayer can be determined by measuring the rate of flow of the monolayer 
through a long narrow channel under a constant difference of pressure at the 
two ends. This type of instrument was first introduced by DERvicHIAN and 
Jory.) Another type of surface viscometer has been described more recently 
by CHAMINADE, DERVICHIAN, and JoLy*) and is a two-dimersional adaptation 
of the Couette ordinary viscometer. Here a floating ring is rotated at a constant 
speed and the resisting force due to the presence of a monolayer is measured. 
The film is maintained under a given pressure in the gap between the rotating 
ring and an external floating but fixed flat ring. 

The complete theory of the flowing of surface films has been developed by 
Joty*) and it is possible to calculate the viscosity proper to the monolayer - 
itself from the measured values. In the case of the rotation method, the vis- 
cosity of the layer can also be caleulated by assuming that the resisting torque _ 
due to the water alone and that due to the film itself are additive. Viscosities 
calculated from values measured with both methods coincide. 


2. Changes of state in monolayers 
A simple qualitative examination, by blowing on the surface after it has been 
sprinkled with talcum powder, enables one to distinguish a rigid or solid mono- 
layer from a fluid or gelified one; but, strictly speaking, it is not possible to 
discriminate actually in this way and even by viscosity measurements the 
different types of fluid fiims (gaseous, liquid, or intermediate) uor the solid 
types. The diferences can be rigorously established only by the comparative 
examination of the different isotherms. 


a. Different types of isotherms and first indication of phase changes 


As far as long chain fatty substances are concerned, experience shows that the 
areas which are characteristic of the difierent states are practically identical 
when expressed as area per chain: e.g. the molecular area at the triple point is 
ca. 38-39 A? for the fatty acids and ca. 115-120 A? (i.e. three times 38-39) for 
triglycerides. This enables one to describe the isotherms in a more general way 
and to define regions expressed in area per chain where each phase can exist. 
The different types of isotherms given by monolayers of fatty substance’ can: 
be summarized in the eight cases represented in Figs. 9 to 16. Each case efers 
to examples established by different authors on different members of the series 
of fatty acids, the esters or the glycerides. 
Fig. 9 illustrates the extreme case where no discontinuity appears when the 
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monolayer is compressed from very large molecular areas and very weak surface 
pressures to areas at which the intermolecular distances are as small as the 
molecular dimensions themselves and the surface pressure reaches the order of 
a few tens of dynes per centimetre. A clear example of this case is given by 


SURFACE PRESSURE 


° AREA A 


Fig. 9. A type of surface pressure—area isotherm which presents no discontinuity 
before the collapse point F (monolayer remaining gaseous up to the highest pressures). 


tricaproin as shown by Dervicuian.®) By analogy with the well-known P—V 
isotherms of ordinary gases, it might be said that the substance spread as a 
monolayer behaves as if it were above its critical temperature of liquefaction. In 
this case the monolayer is therefore comparable to a gas which can be com- 
pressed under high pressures to a relatively small volume without showing any 


SURFACE PRESSURE 


Vv 


° AREA A = 


Fig. 10. A type of surface pressure—area isotherm showing a gas—liqui¢ transition 
(V—I). In order to give a picture of the complete isotherm, pressures on the right-hand 
side of the diagram are representod on a much larger scale than on the left-hand side; areas, 
on the contrary, are on a smaller scale. With the scale of pressures usod on the left-hand 
side, the horizontal part of the isotherm ending at point J would not actually be distin- 
guished from the area axis. It has been purposely drawn quite above it. 


phase change. However, the film collapses at the point F where the molecules 
leave the surface. 

In the case illustraied by Fig. 10, transition appears on the isotherm between 
a phase with a molecular area corresponding to the point V and another fluid 
phase J having a molecular area larger than 39 A? per hydrocarbon chain. As 
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was shown by Apa and’ Jessop‘*® for areas larger than V (e.g. 850 A? for 
myristic acid, or 2400 A? for C,; acid) the product 7A of the surface pressure by 
the area (expressed in square centimetres per gram-molecule) tends with in- 
creasing areas towards the value of 27’, where F is the gas constant. Indeed in 
such states of great expansion, the intermclecular distances in the monolayer 
are of the same order as the distances in an ordinary gas under relatively low 
pressure. By simple analogy monolayers in this state are called gaseous. 
Similarly, all along the transition from V to J, the gaseous phase, which can now 
be called a surface vapour, with a characteristic molecular area corresponding to 
tk> point V, is gradually transformed into a condensed but fluid state J in which 


SURFACE PRESSURE 


Fig. 11. A type of surface pressure—area isotherm showing, in addition to the gas— 
liquid transition (V-—J), a second transition (F—E£). 


the area per chain has a well defined area corresponding to the point J and not 
inferior to 39 A?. 

When compression proceeds, no other ordinary transition occurs and the 
surface pressure increases from J to F where the monolayer collapses. The area 
per chain at the point F varies between 27-29 A? and the layer is still fluid. To 
this type belong the isotherms obtained by ADaM and Jessop” with myristic 
acid at 34°, by Dervicnian® with triolem at room temperature and with 
trimyristin at 44°, or by Harxrys, Youna, and Boyp'™ with pentadecylic acid 
above 35°. It should be noted that the areas indicated by ADaM and JESSOP are 
consistently too large by about 10%. 

In the case of Fig. 11, a transformation appears at F which leads finally to a 
solid state when the point A is reached. The film is very poorly compressible 
ahove A and it collapses at S. For a given substance on a given underlying 
aqueous solution, the higher the temperature, the higher the pressure, and 
consequently the smaller the area, at which the transformation at F ocers. 
Finally, above a certain temperature the isotherm is completely changed ato 
the preceding form of Fig. 10. The area per chain at which this second trans- 
formation 7 commences thus remains between 39 A? (lower temperat re) and 
27 A? (higher temperature), while the area at the point A is equal to ca. 19-5 A?: 
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e.g. myristic acid at 12°” and 21°, trilaurin at 14°,“*) pentadecylic acid 
at 20°,(@ 

Other monolayers, although. giving the same kind of change which leads from 
F to A, do not show the transition from vapour V to fluid J, as if the passage 
from the gaseous phase to the state represented by F happened without dis- 


SURFACE PRESSURE 


° AREA A 


Fig. 12. A type of isotherm which does not present a gas-liquid transition (V7—J) 
but which shows the transition F—E. 


continuity. This is the case which is represented on Fig. 12 and which has been 
obtained by Apam'®*) with ethyl palmitate at 15°. 

It was said above that by increasing the temperature the isotherm obtained 
with a srbstance may change from the form shown on Fig. 11 to the form 
represented on Fig. 10. By decressing the temperature, the same substance may 


SUAFACE PRESSURE 


Fig. 13. A type of isotherm presenting e transition (1’—Z) from a vapour phase to a 
more condensed phase. 


on the contrary, give an isotherm of the type represented on Fig. 13. This form 
of isotherm can also be obtained at room temperature with a homologous sub- 
stance having a longer hydrocarbon chain. In this case, the condensation of the 
vapour phase starting at the point V leads to a new state E which, although still 
fluid, is more condensed than the state represented by tke point J on Figs. 10 and 
11. In fact the area per chain at the point EZ is lower than 33 A?. Examples 
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of this form of isotherm have been obtained with myristic acid at 4° by Apam 
and JEssop,'5”) with palmitic acid at 25° by DERvIcHIAN and Joty* and by 
Harxrss, Youn, and Boyp,'™ or with trimyristin at 26° by Dervicntan. 
Here, the condensed fluid layer which is less compressible than in the preceding 
$ 


n 


SURFACE PAESSURE 
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Fig. 14. A type of isotherm presenting a transition (V—C) from a vapour phase to a 
phase still more condensed than in the case of the preceding figure. 


cases, solidifies at the point A and collapses at S. The area per chain at the 
point E may decrease below 33 A?, when the temperature is lowered or when 
compounds with a longer chain are utilized, up to a value of 24-5 A®. Then 
suddenly another type of isotherm can be obtained (Fig. 14) where the con- 
densed fluid is still less compressible and has an area of 23-5 A? at the point C. 


SUAFACE PRESSUAE 


‘ 
v 


Fig. 15. A type of surface pressure—area isotherm presenting a transition )—B or 
V—B’ of a vapour phase to a phase which is generally solid. 


To this type belong the isotherms of stearic acid spread at 20° on N/1000 HCl 
or trimyristin at 22° given by DervicHtas™ or that of the Cy acid spread at 
25° on HC] N/100 given by StTENHAGEN.‘® 

At still lower temperatures or with compounds having many more ca bon 
atoms in their molecules, the vapour phase at V is transformed directly into one 
of the solid phases whose area per chain is represented by one of the poiuts B or 
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B’ above which the compressibility of the layer is very small (Fig. 15). With 
different conditions (pH and temperature) the area at the point B is equal to 
20-5 or 22 A? per chain. This type of monolayer is given for example by tri- 
myristin below 20°.) In some cases, the monolayer at the point B, although 
very condensed is still fluid. Furthermore, with compounds having more than 18 
carbon atoms in their chain, transitions of the type indicated by B’B’ and BA’ on 


$ 
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Fig. 16. A type of isotherm showing discontinuous transitions (B’—B* and B—A’) of the 
condenscd phase itself in addition to the vapour-condensed phase transition (V’—C). 


Fig. 16 may appear in this highly condensed but fluid state. Such transitions 
(Fig. 16) have been observed by STENHaGEN'®) with the C,,. acid at 10°. 


b. Character and definition of different phases 


The easiest way of defining the different states is to start from the most con- 
densed state and study the change of the molecular area with increasing 
temperature. The discontinuities in the area which are thus found correspond 
to the formation of the successive states. This study hus to be made, not under 
an arbitrary constant pressure, but under saturated vapour pressure; i.e. 
according to the Phase Rule, under conditions of one degree of freedom. In 
fact, it consists in determining, at different temperatures, the area of the con- 
densed phase which remains in equilibrium with the vapour phase V, as repre- 
sented on the different isotherms. Starting from the area of the point B or B’ 
of Fig. 15, and gradually increasing the temperature, areas corresponding to the 
point C of Fig. 14, £ of Fig. 13, J of Fig. 11 will be found successively at definite 
temperatures, which are considered as transition or melting points. 

This variation of the area per chain, under vapour pressure. is represented on 
Fig. 17 for the series of triglycerides and on Fig. 18 for the series of the saturated 
fatty acids. The same peculiarities appear on both series of curves but in a 
different range of temperature for each compound. These temperature ranges 
are placed in the same order as the ordinary melting points of the considered 
series of substances. The first portion of the curve relative to the C,, acid has 
been established by using data derived from the series of isotherms given by 
STenHAGEN.'®) The rest of the curve (in dots) is simply hypothetical. 


221 


‘ 
A 
: 
AREA A 


The Surface Properties of Fatty Acids and Allied Substances 


It is now possible to generalize. For each substance, there is a temperature ° 
JT, below which the monolayer, under vapour pressure, is in a very condensed 
state which is generally rigid and occupies an area per chain of 20-5 (B) or 
22 A?2(B’). At this temperature, the area per chain increases suddenly to 23-5 A* 
corresponding to a new phase (C) which is fluid and exists in a more or less wide 
interval extending up to another temperature 7’,, at which a continuous trans- 
formation commences. In this new fluid phase (/), the area per chain increases 
gradually with increasing temperature till an upper limit of 32-33 A? per chain 
is reached. 

Then a discontinuity appears at a definite temperature 7’, when the area 
increases suddenly to the value of 38-39 A? per chain. From this point on, the 
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TEMPERATURE 


monolayer is in a new fluid state (J) which expands much more slowly with 
increasing temperature. Thus between 7’, and 7’,, which corresponds to roughly 
ten degrees, an expansion of the area of more than 60% occurs, first in a con- 
tinuous way then suddenly. Just before 7';, the phase (£) in equilibrium with 
the vapour phase is characterized by an area of 32-33 A?; just above this 
temperature, it is replaced by a new phase (J) with a characteristic area of 
38-39 A?. Three phases can therefore exist in equilibrium at the temperature 
T; which is a triple point. 

Fig. 18 shows clearly that the same state C which oceupies an area of 23-4- 
24 A? per chain is found in a different range cf temperature for each fatty acid. 
If therefore the different fatty acids were considered at the same temperature of 
25°, on HCl N/100 for example, they would be in different states and the mole- 
cular areas would differ as can be seen on the figure: i.e. 24 A for the Cy» acid, 
24-5 for the C,, acid and 32 A? for the C,, acid. This is how Harxrss and 
Boyp‘®) have been misled when arguing that the molecular areas were not 
independent of the chain length. 

It should be emphasized that the range of temperature in which each state 
can exist varies not only with the nature and chain length of the fatty substance, 
which seems quite evident, but also (specially with the fatty acids) with the pH 
and the electrolyte concentration of the underlying water. It is also self-evident 
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that the temperature at which changes occur in monolayers have nothing in 
common with the ordinary melting points of the spread substances, except that 
they are placed in the same relative order. Attention was drawn by Dervi- 
cHIAN'5®) to the fact that the characteristic areas of 18-5, 19-5, 20-5, 22, 23-5 A?, 
which are found in different states in the monolayers, corresponded to identical 
areas per chain found in the three dimensional lattice of crystals of fatty 
substances. The characteristic area of 32-33 A? has recently been compared by 
the authcr'*) to the area per chain in the para-crystalline “neat” phase given 
by anhydrous soaps. This correspondence does not necessarily mean an identity 
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Fig. 18. Variation with temperature of the molecular area of the condensed phase ir 

equilibrium with the vapour phase, for a series of fatty acids. The letters B, C, EZ, I cor- 

respond to the lettering used on the isotherms of the previous figures at the end of the 
vapour-condensed phase transition. 


between two and three dimensional states, so much the less since some of the 
considered phases in monolayers are fluid. However, it seems natural to compare 
the mean intermolecular distance in the phase which is tke last to appear when 
starting from the solid state (i.e. phase J under vapour pressure) to the mean 
distance. between molecules in the ordinary liquid state of the same substances. 
From the comparison made in the above-mentioned paper* it appears that the 
distances are of the same order of magnitude and that the molecules in the 
ordinary liquid in three dimensions are certainly not more packed than in the 
surface phase at the point 7. By simple analogy the term of liguid has therefore 
been applied by DERVICHIAN to this most expanded fluid surface state which 
appears in equilibrium with a surface gaseous phase. 

The term mesomorphous has also been proposed by DERVICHIAN to designate 
the fluid but much more condensed phase which appears immediately after the 
solid at C on Figs. 17 and 18. This term means simply “intermediate form’’ and, 
although it was previously introduced io designate the well-known liquid 
crystal states, it does not necessarily imply that the state in the monolayer is 
identical to the state in a liquid crystal. Nevertheless, the packing of the mole- 
cules in this fluid surface phase is comparable to that in certain solid fatty acid 
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erystals. Its behaviour during thermal expansion is also strikingly compurable 
to that of the three-dimensional mesomorphous phases. Indeed, there is no 
discontinuous change of this phase at higher temperatures, but a gradual, 
although extraordinarily rapid, expansion above 7',, under the form of a new 
phase £ (see Figs. 17 and 18). The name of expanded mesomorphous has been 
given for this new phase which can expand from an area of 24 to 33 A? per chain. 
The increase, under vapour pressure, from this area to the value of 38-39 A? 
corresponding to the properly called liguid phase J, occurs, at a definite tem- 
perature 7';,, only through a discontinuous transition. 

The correspondence between the different proposed nomenclatures is given in 
Table 5. 
Table 5 


DERVICHIAN 


Apam‘‘o ( 1952) 


(1937) (1940) 


| Condensed solid* 


Condensed: close packed | Solid Solid | Solid 
chains Superliquid Superliquid 
Condensed: close packed | Mesomorphous Liquid 1 (L,) | Mesomorphous 
heads | Expanded mesomor- | Intermediate (I) | Expanded meso- 


Liquid expanded 


.| Liqui Liquid 2 (L,) 
Vapour expanded | 


Gaseous 


* After STENHAGEN.'* A very condensed solid phase whose area per chain can be reduced up to 18-6 A*. 
t+ A term introduced by HARKINS and COPELAND'* to designate a fluid phase which appears under high 
pressure such as on Fig. 16 (B’B* or BA’). 
Overlooking the fundamental distinction between the different fluid phases 
and the successive temperatures of their appearance, may lead to complete 
misunderstanding. Thus ALEXANDER'®) missed the distinction between the 
mesomorphous phase and the proper liquid phase by asserting that cetyl aleohol 
was already liquid at room temperature and could not therefore have a melting 
point at 50°. Actually this temperature corresponds, for cetyl alcohol, to the 
point 7’, (see Figs. 17 and 18) at which the real liquid phase appears, while the 
state at room temperature corresponds to the condensed, mesomorphous, phase 
(Fig. 14). 


c. Phase transformation by pressure variation 


Each of the phases which have been defined can be compressed under increased 
pressures along an isotherm, i.e. at constant temperature. The area can thus 
decrease and yet the phase remain the same. This is what happens in Fig. 11 
when the area of the liquid phase is decreased from J to F; but at this point F, 
a transition to a new phase occurs. By a simple argument of continuity, it can 
be inferred that the new phase E which is formed is the expanded mesomorphous, 
since, by decreasing the ternperature, the point F moves downwards on the 
isotherm and, at the lowest limit, the triple point can be reached where the 


224 


morphous 
Liquid 
Vapour 
or | or or 

(Cte : Gaseous Gaseous Gaseous 
| 
i 
: 
a 
: 

ad 


Monolayers of Insoluble Fatty Substances Spread at the Surface of Water 


third phase in equilibrium with the vapour and the liquid is indeed the expanded 
mesomorphous. It can also be seen on Fig. 11 that, from the point F upwards, 
the isotherm is the replica of what it is above EZ on Fig. 13. That a transition 
occurs after the point F’, is shown by the fact that the surface potential remains 
constant in this region between F and E. This was demonstrated by ScHULMAN 
and Ripea'*® and appears very clearly on recorded curves of the surface 
potential.® 

As shown on Fig. 16, with mesomorphous layers of very long chain compounds, 
one or two short transitions (B’B" and BA’) appear under high pressures, which, 
instead ot leading to the solid state, give rise to a new fluid phase in which the 
molecules are therefore as closely packed as in the solid state. Harxkrxs and 
CopeLanp‘*?) have given the name of superliguid to this phase of apparent very 
weak viscosity. However, as was shown by Jory,'*®) these type of fluid phases 
show a non-newtonian flow and their apparent viscosity depends enormously on 
the rate of shear. 


d. Higher order transformations 


The definition of higher order transformations as applied to the case of mono- 
layers was given by DERVICHIAN and JoLy;‘* a more rigorous definition can 
also be found in a more recent paper by DeRVICHIAN.'*) It is sufficient to say 
here that an ordinary transformation in which a discontinuity appears in the 
molecular area (e.g. the transition from V to J on Fig. 10 or from F to £ on 
Fig. 11) is a transformation of the first order; but a discontinuity in the com- 
pressibility (i.e. a sudden change in the slope of an isotherm such as the point A 
in the figures) corresponds to a transformation of the second order. Similarly, 
a change in the slope of the curve representing the compressibility as a function 
of the surface pressure would be a transformation of the third order. 

Isotherms of the shape represented in Fig. 14 were known for a long time. The 
change of slope which occurs at the point A is evidently due to a transformation 
of the second order which corresponds to the passage from the mesomorphous 
phase to the solid phase without the occurrence of any discontinuity in the mole- 
cular area. Other transformations of higher order, which were recognized and 
studied systematically for the first time by DERVICHIAN and Jo.y,*, &® occur 
in monolayers. These transformations produce very distinct changes in the 
surface viscosity. Furthermore, by recording the isotherms automatically and 
in a continuous way, it became possible to detect safely discontinuities in the 
compressibility of the monolayers which corresponded to those which had been 
revealed by the surface viscosity measurements. 

The study of transformations of different order was resumed some time later 
by Harkrxs, Youns, and Born‘) who, besides the determination by the study 
of the compressibility, tried to introduce, without great success, a determination 
based on the variation of latent heat of transformation. 

DERVICHIAN and JOLy have arrived at the important conclusion that there is 
an intimate connection between ordinary transformations and higher order 
transformations in monolayers of the fatty substances. Thus, when an ordinary 
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transformation ceases to occur, because a higher temperature range is reached (or a 
different pH value), it is replaced by a transformation of a higher order which 
occurs for the same characteristic area per chain. For example, the area of 
38-39 A?, which corresponds to the liquid phase at the triple point (see Figs. 17 
and 18), is found again at a point where a higher order transformation occurs 
during the compression of the liquid or the gaseous phase (see point H on Figs. 9, 
10, 11, and 12). Similarly, higher order transformations appear at the points C, 
B’, and B (see Figs. 11, 12, 13, and 14) corresponding to the areas of 23-5, 22 and 
20-5 A? at which ordinary transformations occur under vapour pressure (Figs. 14 
and 15) or by compression of the mesomorphous phase (Fig. 16) either in other 
ranges of temperature, or with longer hydrocarbon chains. 

IsEMURA and Hamacucai'®) have found that these characteristic points of 
higher order transformation appear still more neatly when working with definite 
mixtures of different fatty acids. 

Jorty' has developed a complete theory of the ordinary and higher order 
transformations in monolayers of the fatty substances based on structural 
considerations. Molecules in a monolayer can only exist in a tinite number of 
energy states corresponding to a discrete series of molecular forms and hence 
molecular areas, these last being precisely the areas of points of transformation. 


3. Relations between molecular constitution, molecular area, and physical 
state in monolayers 


It is tempting to use measurements of molecular area in monolayers as a meens 
of determining molecular constitutions, but this should be done with great 
caution. From this point of view, the comparison of the molecular areas of 
different compounds has a meaning only if they are censidered in the same 
physical state. For example, a too hasty comparison of the molecular areas of 
myristic acid and palmitic acid at 30° would lead to the evidently wrong con- 
clusion that myristic acid has a more bulky molecule than palmitic acid. On the 
contrary, a careful study of triglycerides and fatty acids in different ranges of 
temperature, where they are in the same states, shows that the area per chain 
remains practically the same (in the same state) whether the molecule contains a 
single chain or three hydrocarbon chains. It was shown by ADAM and Dryer‘) 
that even when four chains are present in one molecule, as in pentaerythritol 
tetrapalmitate, the area per chain under high surface pressure is 20 A?. 
Recently, WEITZEL, FRETZDORFF, and HELLER‘**’ have examined the com- 
plete series of 2-methyl, 3-methyl, 4-methyl . . . palmitic and stearic acids and 
have found that the molecular area under vapour pressure, as well as the form of 
the isotherm, vuries with the position of the substituted methyl group. Actually, 
the layers are more or less condensed and the form of the isotherms, at a given 
temperature, varies from the type of Fig. 14 to that of Fig. 10. An examination 
of the melting points of these series of substances, which are given in anotier 
paper by WEITZEL and WoJauy,‘**>) shows that their rather irregular variation 
with the position of the substituted methyl group is strikingly parallel to the 
variation of state, at a given temperature, in the corresponding monolayers. 
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Obviously the position of the substituted CH, group has an influence on the 
molecular interactions, but it is not possible to say if it changes the size or at 
least the packing of the molecules, unless areas are compared in the same state 
and therefore after a study in a wide range of temperature. 


R, 
The study of the series of disubstituted acetic acids cHCOOH by 
R, 


StennaGENn'*) js more conclusive. Here in the series with a total number of 
17 carbon atoms, all the monolayers are in the liquid state at room temperature 
and the isotherms shift gradually towards larger areas when the two substituted 
chains tend to the same length, one increasing from C, to C, and the other 
shortening from C,, to Cs. With the long substituted chains the minimum 

molecular area at the point of collapse is 55-56 A?, which is consistent with the 
area of 27-29 A? per chain found at the same point with liquid monolayers of the 
normal acids or triglycerides. This coincidence shows that the two chains are 
packed parallel to each other. 

In the case where one of the substituted groups has only one or two carbon 
atoms, it is difficult to arrive at a clear conclusion, since the apparent difference 
of area with the corresponding normal long chain acid is mainly due to a change 
of state. It is also difficult to conclude from the data given by Soporka, 
ROSENBERG, and BieERNBAaUM' concerning monolayers of omega branched 
fatty acids containing from 16 to 24 carbon atoms. 

The same general remarks can be applied to the results obtained by Apam‘?5) 
with the series of esters of palmitic acid with alkyl chains having from 1 to 16 C 
atoms. With cetyl palmitate and octyl palmitate, conditions are such that it 
can be concluded from the large value of the molecular area that both the alkyl 
and the acid chains are directed upwards. The fact that with the shorter alkyl 
groups the films are of the very expanded gaseous type is consistent with the 
low melting points of these esters as compared to the fatty acid, and indicates 
a weak cohesion between molecules. 

This relation between the ordinary melting point of a substance, which is ar 
indirect measure of the cohesion forces between its mulscules, and the state of 
the monolayer it gives at a given temperature, appears again in the results 
obtained by MarspEN and RipEa.'’® with different cis and trans unsaturated 
compounds. These authors have found that trans compounds give more con- 
densed layers than the cis compounds. It should be noted, however, that if at 
room temperature the isotherms of oleic, elaidic and stearic acid differ and are 
respectively of the type of Fig. 10, Fig. 11, and Fig. 14, there is practically no 
difference in the moieculur areas of these three acids if they are compared in 
the same state. 

Monolayers of lecithin and hydrolecithin were examined by ADAM and 

Jessop>*) at 16° and 14-5°. It appears clearly from the isotherm that lecithin 
gives a film which remains liquid up to the highest pressures (Fig. 10). The area 
per molecule under vapour pressure is 114 A*. This corresponds to an area per 
chain of 57 A? which is of the same order as the values given by fatty acids in 
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the same state. The arca per chain found at the same point with a similar 
phosphatide by DesNvELLE, Dervicutan, and js 50 A?. These 
authors have recorded the isotherm up to a pressure higher than 50 dyne per cm, 
where the film collapses. At this point the area per chain is ca. 27 A? which 
again is equal to the area found, at this point and in this state, with the other 
fatty substances. With hydrolecithin, both chains are saturated and the iso- 
therm established by Apam and JEssopP is clearly of the expanded mesomorphous 
type (Fig. 12). Under vapour pressure, the area per chain here is 26 A? and, 
under 20 dyne per em, ca. 22 A?. As noted by the authors, at about 28° the 
monolayer of hydrolecithin expands and the isotherm becomes similar to that of 
lecithin. Thus, despite the presence of the complex polar group of phosphatides, 
the molecular area is mainly dependent on the hydrocarbon chains. The 
chemical function simply changes the range of temperature at which a particular 
state exists. 

Similar results have been obtained with the monoglycerides by ADAM, BERRY, 
and TuRNeER.'’”) At rather low temperatures, monopalmitin and monomyristin 
give isotherms of the type of Fig. 11. However, with these compounds, the 
areas under vapour pressure (65-68 A) and at very high pressures (23 A) are 
significantly larger than with the other long chain compounds. 


4. Relation between layer and substrate 


The bonding between the molecules of the layer and the molecules of the under- 
lying water is one of the first questions to consider. By an ingenious method, 
MeEricovux"® has examined the flow of a sheet of water under a monolayer of 
oleic acid and has demonstrated that the molecules of the layer are znchored to 
the molecules of water and that the observed friction corresponds only to the 
viscosity of the water just under the monolayer. Not less ingenious was the 
device used by ScuuLMan and TEORELL'*®) in which, on the contrary, water is 
carried by an expanding layer of oleic acid. They have thus shown that the 
meau thickness of the carried sheet of pure water is of the order of 0-03 mm. 

The interpretation of the surface viscosity data led Joty‘”) to the same 
conclusion: what is measured is the resulting effect of the viscosity proper to 
the monolayer and of the friction between the water molecules which are carried 
by the movement of the monolayer. 

Another type of relation between monolayer and substrate is expressed by 
the importance of the solubility of the polar group of the fatty substance in the 
water. There is no doubt that the greater the affinity of the polar group for 
water, the higher is the surface pressure which a fluid monolayer can withstand 
without collapse. Thus, films of triglycerides or esters in the fluid state collapse 
at pressures which are below 20 dyne per cm, while fluid monolayers of the fatty 
acids can be compressed up to ca. 30 dyne per cm and still higher on an alkaline 
substrate (i.e. when the solubility is enhanced). Lecithin, with a particularly 
soluble polar group gives monolayers which can withstand surface pressures 
higher than 50 dyne per cm. 

As would be expected with the fatty acids, ionization increases the suiuoility 
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and therefore has an action on the surface pressure for a given molecular area in 
the monolayer. In other words, a change of the pH of the underlying water can 
affect the ionization of the COOH groups and consequently modify the state of 
the monolayer and the form of its isotherm at the considered temperature. The 
conversion of condensed to expanded films by increase of pH was shown long 
ago by Lyons and RipEaL'™ in the case of palmitic and pentadecylic acid. 
There is also an expansion of these films when the water is strongly acid. ADam 
and MiLLER'®) obtained similar results with a series of different fatty acids. 
More recently, Exwax.'®) has published a very complete study of myristic acid 
monolayers spread on 3 M NaCl solutions (to prevent solution) at a series of pH 
values ranging between 1 and 12. The complete isotherm has been recorded at 
each pH value, so that the displacement of all the characteristic points of 
transition as a function of the pH can be followed. 

It is obvious that the last step in the interaction is the combination between 
the fatty acid and the dissolved cation to form a monolayer of soap. The 
reaction already occurs with very minute quantities of metallic ions when these 
are polyvalent. LaxGmvuir and ScuarFeEr'®) determined the relation between 
pH and the formation of barium and calcium soap when a fatty acid is spread 
on the surface of dilute barium and calcium salt solutions, by skimming the 
surface and analyzing the collected material. Reaction begins only above pH 5; 
only half of the fatty acid is combined at about pH 6 and complete neutraliza- 
ticn occurs only when the pH value exceeds 10. In a second paper, the same 
authors have extended this study to other metallic ions, showing that, with 
aluminium, one part in 10° already modifies the state of a monolayer of fatty 
acid. This action of minute traces of metallic ions on the behaviour of monolayers 
was also pointed out by Hargrxs and Myers‘*) and by MitcHELL, KIpEaL, 
and ScHULMAN. 

The effect of the ion concentration and especially of the pH of the underlying 
solution on the surface potential of monolayers of fatty acids is still more 
marked. Gvyor‘'*® and Frumxkrx‘®” had already noted that, instead of the 
ordinary decrease of the air-water potential observed when a fatty acid monolayer 
is spread on distilled or acid water, an increase is obtained when the underlying 
solution is alkaline. Thus, FRUMEKIN measured a maximum surface potential of 
— 0-085 volt with a highly compressed layer of oleic acid on distilled water and 
of + 0-108 volt on N/100 NaOH. A more complete study of the variation of the 
surface potential with the pH for monolayers of myristic acid was undertaken by 
Scuutmax and Hveues.'*®) If the surface potential at 15° for an area of 20 A? is 
considered, it appears that from a value of — 0-400 volt, which remains constant | 
between pH 1 and pH 3, it decreases gradually from »H 4 on, becomes nul at 
pH 9-5 and then positive, reaching a new practically constant value of ca. 
+ 0-060 volt at pH 10-5. In the very acid region, there is an increase of the 
surface potential when the pH decreases below 0 reaclung the value of — 0-560 
volt on HCl 4N. Similar results were observed with stearic acid by DERVI- 
CHIAN.“°) 

The decrease of surface potential is obviously in relation with the ionization 
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of the COOH group of the fatty acid, and the positive value reached at pH 10-5 
corresponds to the complete transformation into soap. Ionization can also be 
achieved by dilution, i.e. by expanding the monolayer so that the concentration 
in COOH groups is weaker in the surface phase, provided that the pH is not too 
low. In fact, with oleic acid on distilled water, a surface potential value of ca. 
+ 0-060 was found by Drrvicutan in the vapour-liquid transition region. 
GuasTAL.a'®) has also found positive values for the surface potential of myristic 
acid monolayers in the gaseous region. 

The fate of a monolayer which is transfered from the surface of water into a 
solid surface is of interest. This can be investigated by using the method intro- 
duced by Biopeett and Lanemurm.) Monolayers of a fatty acid can be de- 
posited successively on a plate of metal or glass by dipping and withdrawing . 
vertically the plate through a monolayer spread on the surface of water. This 
is accomplished by maintaining the monolayer under constant pressure and 
determining the decrease of area which measures the quantity transferred. The 
structure of the multilayer thus piled up on the solid surface has been examined 
by different authors. Tlere is evidently a change of state as a consequence of 
the change of the substrate. The multilayer crystallizes into the normal crystal- 
line form of the substance, but a certain time lag appears with the esters during 
which a special “‘vitreous”’ state is retained. Details of optical, x-ray, and elec- 
tron diffraction studies can be found in the papers of STENHAGEN”® and of 
CoumovuLos and DervicHIAN and FERRETRA-DENaRD') have 
examined the transfer of fluid monolayers of triglycerides (C,, Cs, Cy), C,.) on the 
surface of paraffin wax under different surface pressures from 0-1 to 8 dyne per 
em. With a paraffin surface and under these relatively low pressures the film is 
transferred only during the dipping of the plate. The results show that the more 
the film is expanded the larger is the area which is removed from the surface of 
the water to cover a given area of the solid paraffin surface. The ratio of the 
two areas (area of transferred monolayer/area of the paraffined plate). which is 
equal to 0-92-1-0 when the molecular area is smaller than 130-140 A?, increases 
regularly with larger molecular areas reaching the value of 3 for 1000 A?. It 
seems that expanded monolayers condense by passing on the solid paraffin 
surface. 


5. Interactions and reactions in monolayers 

a. Interactions in mixed monolayers 

It is well-known that the melting point of a mixture of fatty substances is lower 
than that of the pure substances. One would therefore expect that a mixed 
monolayer, at a given temperature, would be in a less condensed state than the 
monolayers of each of the pure components. Indeed it was shown by CoLiet 
in 1¢22 that an increase of the molecular area was produced by mixing different 
pairs of triglycerides. With mixtures of trimyristin and tripalmitin the increase 
in molecular area reaches a maximum of 14% for the proportion of 1 to 1. The 
maximum of increase is 359% with a mixture of 4 mol of tribenzoin for ! mol of 
trimyristin. An increase of area as compared to the sum of the areas of the pure 
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components measured separately was also found by ScHvuLMAN and Hucues'*5) 
with mixtures of oleic acid and cetyl] alcohol. Evidently, when mixed with oleic 
acid, which gives a liquid monolayer at any pressure, the molecules of cetyl 
alcohol occupy a larger area than when they are in the more condensed fluid 
(mesomorphous) monolayer of the pure cetyl alcohol. 

However, other factors must be considered in order to understand the cases 
where. on the contrary, there is a decrease of the mean molecular area when two 
different substances are mixed. Thus, as shown by LEatTHEs'*®) or by ADAM and 
JEssop,'*”) addition of cholesterol or tripalmitin to fatty acids or esters gives 
more condensed monolayers. MarsDEN and ScuvuLMan'®®) also found that an 
equimolecular mixtvre of octadecy! methyl ether and octadecyl amine gave a 
monolayer at pH 2 for which the area at a given pressure is less than what’ 
would be expected if there was simple additivity of the molecular areas. A 
decrease of the area of 18% was found by DERVIcHIAN and PILLET™ at pH 9-2 
with mixed monolayers of lecithin and oleic acid. Mixtures of phosphatides with 
triglycerides examined by DESNUELLE, MOLINEs, and Drervics1an‘*® also show 
a condensation with discontinuities occurring for certain definite proportions. 

Marspen and ScHULMaN'®), 90) have interpreted ‘‘contractions” and “‘ex- 
pansions”’ in mixed films as due (in addition to Van der Waals’ forces acting 
between the hydrocarbon portions of the molecules) to interactions (i.e. attrac- 
tions and repulsions) between polar groups. Different types of interactions have 
thus been considered: ion-ion, dinole-ion, dipole-dipole. 


b. Penetration of monolayers 


If a monolayer of a substance A is maintained under constant pressure and if a 
very dilute solution of another substance B is injected in the underlying water, 
no appreciable change is generally observed. In some cases, however, when A 
and B are liable to iiteract or to “‘associate,” a very important and definite 
increase of the area is obtained, similar to the change of volume which occurs 
when gases react under constant pressure. The increase of the area corresponds 
to the adsorption of the dissolved molecules of B which penetrate between the 
molecules of A forming a mixed monolayer. The state of the film may also 
change completely, turning for example from fluid to solid. The mixed mono- 
layers thus formed, generally contain the two species of molecules associated in 
definite stoichiometric proportions and can support higher surface pressures than 
the original film. Further, the phenomenon is not due to a simple adsorption of 
the injected substance B, since, if alone, this substance, at the concentration 
used, would hardly affect. the surface tension of water. If, on the contrary, the 
area is maintained constant, the pressure increases enormously after the sub- 
stance B has been injected under the monolayer A. Finally, in other cases, the 
soluble substance can displace the insoluble monolayer from the surface. 

These different types of interactions were first described by ScuvLMaN and 
Hvucues® with pairs of substances such as triglycerides or long chain alcohols 
on one hand and sodium oleate and phosphatides on the other hand. The study 
was generalized later by ScouLMan and RipeaL") who showed that the 
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phenomenon was very specific. The interaction in monolayers was studied by 
this method for a series of substances that were known to form complexes of 
biological interest. The existence of stoichiometric proportions in the association 
was established by ScHuLMAN and STENHAGEN. 10) 

The formation of complexes of definite composition in monolayers has been 
questioned by Harkrys") who did not succeed in reproducing discontinuities 
on the isotherms obtained by compressing the penetrated films. The reasons for 
this disagreement were to be found only after a more precise determination of 
the required conditions. Joty" has shown that certain definite conditions of 
available area and of surface pressure are necessary in order to obtain and to 
detect the different type of associations which do not. all have the same stability. 
By conforming to these conditions, a great number of pairs of substances giving 
complex monolayers in stoichiometrical proportions were studied by Drrvt- 
CHIAN and Jory." In a parallel investigation, DERVIcHIAN and 
found that the same pairs of substances (one soluble and one insoluble) when 
mixed in the proporticns indicated by the monolayer technique can swell in 
water giving different paracrystalline or isotropic phases which remain in 
equilibrium with an excess of water. Similarly, it had been previously shown by 
CocKBAIN and ScuuLMan"°” that certain pairs of substances, which form com- 
plex monolayers, give very stable emulsions when they are mixed in the same 
stoichiometric proportions and utilized as emulsifiers. 


c. Chemical reactions in monolayers of fatty substances 


It is obvious that reagents dissolved in water may oxidize or hydrolyze fatty 
substances spread on the surface, as they do in the bulk; but it was important 
to determine whether the rates of these reactions differ when they occur on a 
surface, and if they vary with the state of the monolayer. 

The oxidation of oleic and petroselinic acids on dilute acid permanganate was 
examined by Hucues and Ripeat‘!®® using the method of surface potentiai. 
Oxidation produces a very important fal] of the surface potential of oleic or 
petroselinic acid which can be followed as a function ot time, till a limiting value 
is reached which corresponds to the complete transformation of the layer. It 
was thus found that the reaction rate decreases at least tenfold when the mono- 
layer is compressed from large areas to the smallest area. These facts were 
interpreted by supposing that the more the molecules are packed, the more the 
accessibility of the double bond to the oxidizing agent is diminished. 

Similar results were obtained by HuGHES®™® jn the study of the transforma- 
tion of lecithin into lysolecithin under the action of different snake venoms 
dissolved in the water. An optimum was found at pH 7-3 and here also 
compression of the lecithin monolayer greatly decreased the rate of 
hydrolysis. 

NasInt and Matter! have examined the action either of permanganate or 
of IC] on monolayers of triolein, following the reaction by the increas> of area. 
They have also examined ozonization uf the double bonds by irradiation of 
monolayers of triviein.“" Recently Epa"! has determined the rate of 
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oxidation in monolayers of six unsaturated acids of the oleic acid type by mea- 
suring the increase of area under constant surface pressure. 

Another type of investigation concerns the saponification of long chain esters 
and glycerides in monolayers. With the long chain esters, ALEXANDER and 
ScHULMAN"!) found that the rate of hydrolysis by NaOH varies with the chain 
length of the alcohol radical and with the compression of the monolayer. The 
hydrolysis of mono-, di-, and triglycerides by sodium hydroxide has been studied 
by ALEXANDER and Rmeat" using the surface potential method and more 
recently by JELLIXEK and Roserts"!5) who determined the variation of area 
under constant pressure. Values of the deduced velocity constants and activa- 
tion energies can be found in the original papers. 


V. ADSORPTION OF Fatry SUBSTANCES AT THE SURFACE OF THEIR 
AQUEOUS SOLUTIONS 


1. Solutions of fatty acids 


The first comprehensive study on the lowering of the surface tension of water by 
addition of fatty acids or alcohols is found in an article by E. Ducuavx"?® 
published in 1£78. From the examination of the surface tensions of solutions of 
the fatty acids from C, to C, by the drop volume method, this author came to 
the following fundamental conclusions: (a) The surface tension decreases with 
increasing concentration; (b) Tne higher is the molecular weight of the acid or 
a.cohol!, the weaker is the concentratjon necessary to produce the same lowering 
of the surface tension of water; thus less than 0-4 g of capric acid per litre of 
water produces the same lowering as 27% of formic acid; (c) The ratio of the 
concentrations of two fatty acids (or alcohols) which produce the same lowering 
remains practically invariable whatever is the lowering; e.g. the concentrations 
of butyric acid and acetic acid which give the same value of the surface tension 
are in the ratio of 1 : 10 either when a lowering to the 9/10 of the value of pure 
water is obtained or the 6/10. 

The surface tensions of aqueous sclutions of different organic substances were 
measured thirteen years later by TRavBE"!” using the capillary rise method. 
With a given acid, the lowering of the surface tension is far from being propor- 
tional to the concentration. However, examining the quotient of the lowering 
by the corresponding concentration, TRaUBE found that it tends to a limiting 
value when the concentration decreases, i.e. the lowering of the surface tension 
tends to become proportional to the concentration for very small values of the 
lowering. He also remarked that the coefficient of this proportionality is 
multiplied by a factor of ca. 3 for every increment of one carbon atom in the 
series from C, to C;. The name of TRAUBE has since been give to this rule. 
Similar measurements with the acids from C, to C, were repeated by Szyszkow- 
sk 18) who proposed an empirical logarithmic relation between concentration 
and surface tension lowering. The surface tensions, at two different tempera- 
tures (25° and 35°) of concentrated aqueous solutions of the same fatty acids 
were measured by Drtcker.'”® Solutions of nonylic acid were also examined 
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by Donnan and BarKER"™) with the aim of testing the vaiidity of Grsss’s 
adsorption equation. 

In his fundamental paper of 1917 on monolayers, Lancair?” introduced 
the idea that the excess of substance, which, according to the equation of GrsBs. 
is concentrated in the surface region of a solution, constitutes in fact an adsorbed 
monolayer. Thus the lowering of the surface tension due to this adsorption is 
identical to the surface pressure produced by monolayers of the insoluble 
substances. Frumxrx"*?) measured the surface tension lowering of solutions of 
the C,, Cy), and C,, acids and compared the results to the lowering produced by 
the monolayers of the insoluble fatty acids. Using Frumxrm’s results and the 
equation of Gipzs, SCHOFIELD and RipEaL"**) calculated the amount of 
adsorbed fatty acid and found that the derived + — A (surface pressure — 
molecular area) isotherm for lauric acid coincided fairly well with the isotherm - 
obtained when the same acid was spread on the surface of water and studied by 
the monolayer technique. The surface potentials of aqueous solutions of the 
lower fatty acids were also measured by FRUMKIN*”) showing that they varied 
in a parallel way to the lowering of the surface tension. BotHet‘!) examined 
the ellipticity of the light reflected from the surface of the aqueous solutions of 
the series of the fatty acids. This ellipticity varies continuously with the con- 
centration reaching a limiting value when the solution is saturated. The 
limiting value, which is negative, increases regularly with the chain length. 
Examining also the surface of water covered by an insoluble monolayer of 
palmitic acid, Bounet showed that the value of the ellipticity found in this case 
falls on the extrapolated curve plotted with the values of the soluble avids from 
C, to C,, as a function of the chain length. 

Using a new method, DEeRvicH1an"*) has measured directly the surface 
pressure of films of the Cy, Cy, C,9, and C,, normal fatty acids adsorbed at the 
surface of their aqueous solutions, as a function of the concentration. For all 
these acids, the surface pressure is proportional to the concentration in the 
solution for the very weak concentrations and as long as the surface pressure is 
lower than 0-5-0-6 dyne per cm. Then, the pressure rises much more rapidly 
with the increase of concentration. As was discussed by LANGMUTR in the above- 
mentioned paper, such a result is to be expected. As noted by different authors, 
a certain length of time is necessary for the adsorption to reach an equilibrium. 
This is reflected at first in a rapid and then in a progressively slower decrease of 
the surface tension in the course of time, from the moment of formation of the 
surface to the attainment of the equilibrium surface concentration. With the 
fatty acids, equilibrium was practically reached after nearly 1 hr. 

From the results of DucLaux and TRavBE and those which have since been 
accumulated, it can be concluded that, as a first approximation, the amount of 
fatty acid which is needed to produce a certain lowering of the surface tension is 
very roughly proportiona! to its solubility. In other words, the same order of 
magnitude for the surface concentration of adsorbed molecules is obtained with 
the different fatty acids when their respective concentrations in the solution are 
such that the thermodynamical activities are equal. However, the surface 
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tension is not simply related to the surface concentration, since, as was shown 
in the study of monolayers, for a given surface concentration, the surface 
pressure (i.e. the lowering of the surface tension) depends on the state of the film 
which itself is dependent on the chain lengtu, the temperature, the pH, and the 
salt concentration. The solubility can be taken, nevertheless, as a first rough 
indication to predict the surface activity of the dissolved substance. 

t is therefore to be expected that a change of the pH, which changes the 
solubility of a fatty acid, will strongly affect the surface tension. The formation 
of soap, which is much more soluble in water than the fatty acid, can be con- 
sidered as the extreme case attained when the pH is brouglit above pH 10 or 11. 
Thus, at 25°, less than 7-10-® mol per litre of lauric acid is necessary to produce 
a lowering of 20 dyne per cm (equilibrium value) of the surface tension of acid 
water, but in order to obtain the same lowering at pH 11, ca. 10-* mol of potas- 
sium laurate is needed, that is at least a hundredfold more. 


2. Solution of soaps 


The action of soaps on the surface tension of water has been known for a long 
time. The first systematic study of the surface tension of the aqueous solutions 
of the sodium salts of the series of the normal fatty acids is due to Lascaray. "26 
With the exception of Na formiate and acetate, which produce an increase, a 
steady decrease of the surface tension is observed when the concentration of the 
soap is increased. The surface activity increases with the chain length, i.e. the 
higher is the molecular weight of the acid, the less is the concentration of soap 
needed to produce a certain lowering. At room temperature, at which these 
determinations were done, a maximum of the surface activity was found with 
Na-myristate. With longer chains, such as Na-palmitate and stearate, the 
lowering, at equal concentration, was less than with Na-myristate, and with 
Na-cerotate (C,, acid) no lowering was practically observed. 

These peculiarities are evidently the consequences of the following facts: 
(a) at room temperature, the sodium salts of the higher fatty acids are below 
their temperature of complete solution in water (Krafft point, see p. 211); and 
(b) the adsorbed layers with the very long chain acids are of the solid type, 
therefore brittle and unable to support the increase of area implied in the 
measurement of surface tension. In fact, a steady increase of the surface 
activity with the chain length, without any maximum, is observed at higher 
temperatures as can be seen in the work of LoTTERMOSER and Tescx"*”) who 
examined the solutions of these different scaps at 20° and 65°. The same reasons 
should be given to explain the results of Hrrusk and Sammomura?) who found 
that, at low temperature, Na-stearate solutions showed a higher surface tension 
than the unsaturated C,, fatty acid soap, while the contrary obtained at high tem- 
perature. CavIeER"*® has shown that the higher is the degree of unsaturation of 
the fatty acid, the lower is the surface tension of the corresponding soap sclution. 

Besides the length or the nature of the hydrocarbon chain of the fatty acid 
and the temperature, the pH and the salt concentration of the soap solution have 
a very marked influence on the surface activity. Harkins and CLark"*) had 
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found that the addition of NaOH two a solution of 0-1 M sodium nonylate raised 

the surface tension from 20 to 48 dyne per cm. Similar effects were observed.by 

LoTTERMOSER and Tescu"*”) by adding either NaOH or Na,CO, to solutions of 

different soaps. Powsey”?®) drew attention on the fact that small changes of 
pH can produce very considerable changes of the surface tension of soap solu- 
tions. He also showed that the influence of CO, on the surface tension of these 
solutions can be correlated with changes of the pH and concluded that data 
which are found in the literature are of little value, unless the exact conditions of 
the pH value of soap solutions are stated. In a paper of Lone, Nuttrve, and 
Harkixs"3)) which followed, curves giving the surface tension of solutions of 
sodium laurate as a function of the concentration have been established for 
different pH values. It can be seen, for example, that the curve for pH 11-1 is 
above that for pH 8-5, indicating that the more the solution is alkaline, the more - 
soap is needed to produce the same lowering of surface tension. Adding an 
alkali to a dilute solution of soap which has a low pH value (due to the dilution 
of an originally neutral concentration solution) can therefore only decrease the 
surface tension. 

As mentioned previous:y, soaps undergo hydrclysis with dilution and when 
the pH is lowered. Free fatty acid is therefore present in these cases in the 
solution. To explain the decrease of the surface tension with decrease of the pH 
of soap solutions, ApaM"*) has therefore proposed that free fatty acid or acid 
soap is more strongly adsorbed than the neutral soap on account of the much 
greater attraction of COONa for water than COOH. Indeed, analysis of foam 
obtained from soap solutions by Larxe%%® and more recently by Ratson 
shows that the layer adsorbed at the air-solution interface contains a certain 
amount of free fatty acid. 

Tke dependence of the surface tension lowering on the pH value may perhaps 
be easily understood by simply considering the enormous variation with the pH 
value of the solubility in water of the fatty acids. This is perhaps repeating 
Apam’s explanation in other terms, but it enables an understanding of the fact 
that, when larger and increasing quantities of alkali, neutral salts or even 
buffers, are added to soap solutions, the surface tension decreases slowly. If 
small amounts of alkali increase the solubility by increasing the pH, larger 
quantities of alkali or salts decrease the solubility, as is shown by the decrease of 
the critical concentration of micelle formation (see p. 211) and the final stage of 
‘the salting-out. 

It was established by LoTTERMOSER and Tescn"*” that, after decreasing with 
increasing concentration, the surface tension of a soap solution reaches a 
minimum value where it remains practically constant over a certain range of 
concentration, and then rises to a certain extent for higher concentrations. They 
also found that the concentration at which the minimum value is first reached 
decreases with increasing chain length of the compound and that it also decreases 
when the solution becomes more acid or when large amounts of alkali or sodium 
carbonate are added. It is well known now that the minimum occurs approxi- 
mately when the critical concentration of uicelle formation is reached. The 
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value of the surface tension at the minimum also depends on the pH and on the 
quantity of electrolytes present. SHEDLowsK i, Ross, and have 
suggested that the subsequent increase of the surface tension at higher concen- 
trations should be attributed to the presence of impurities. 

If surface tension measurements are done on soap-water systems below the 
temperature of solubilization (Krafft point), inconsistent results are obtained 
which depend on the age and previous treatment. Actually, the system being 
in the course of precipitation is metastable. LorrerMoseR and ScHuapirz"!3® 
showed that, if the determinations with the sodium soaps were made at tem- 
peratures above the melting point of the corresponding fatty acids, repro- 
ducible results were obtained. This can be explained by noting that the Krafft 
point of a sodium soap coincides approximately with the melting point of the 
corresponding acid. 

If the solutions at different concentrations are prepared by simply diluting a 
concentrated neutral soap solution with distilled water, the pH value decreases 
with increasing dilution and variations occur in the degree of hydrolysis which 
are not continuous, as has been shown by different authors and in particular by 
Exwa.u.%37) As a consequence of the intervention of this additional variable, 
different humps appear on the curve representing the surface tension as a 
function of the soap concentration. If the pH is maintained constant by diluting 
with a buffer solution cf a determined concentration, these humps disappear, so 
that reproducible and sinooth curves are obtained, as for example with potas- 
sium laurate, for all the series of hydrogen ion concentrations between pH 3 and 
pH 12.938) The equilibrium value of the surface tension with soap solutions is 
attained only after 3 to 4 hr, particularly in the region of weak concentrations 
before the minimum point. This fact has been noted by different authors and 
had already been described by RaYLeEicuH in 1890. 


VI. ApsorprTion oF Fatry Acips aT THE Sotip-Liquip INTERFACE 


Although, for numerous substances, the general problem of adsorption on solids 
from solutions has received much attention, publications on the adsorption of 
fatty substances at the solid-liquid inte-face are rather scarce. 

BaRTELL and Fu"%*) examined the adsorption by silica of the organic acids 
from C, to C, from their solutions in carbon tetrachloride. At a given concentra- 
tion, the amount adsorbed decreases when the chain length of the acid increases. 
The adsorption on titanic oxide of oleic acid dissolved in benzene was investi- 
gated by Hakkrss and Gans."49 Adsorption increases with the concentration, 
but becomes practically constant when the concentration of ca. 0-02 mol of 
oleic acid per kilogram of benzene is reached. From the examination of the data 
on the heat of immersion, these authors conclude that the polar groups of the 
oleic acid molecules are oriented towards the oxide at the solid liquid interface. 

In contrast to silica, carbon exhibits a higher degree of adsorption from 
aqueous solutions than from solutions in organic liquids. LINNER and Gort- 
NER“) have examined the adsorption of the C, to C, acids from their aqueous 
solutions, using a decolorizing carbon “‘Norite.” Adsorption increases regularly 
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with concentration and with the chain length of the fatty acid. A branched 
chain in the molecule has little effect on the maximum adsorption of an acid, but, 
if the number of carboxy] groups is increased or if a hydroxyl group is introduced, 
adsorption decreases greatly. 

Adsorption of the shorter fatty acids from their aqueous solution on different 
samples of activated charcoals has been determined more recently by Lrx1EUx 
and Morrisson."4?) Although, for a given concentration, adsorption is more 
important for a longer chain, the maximum amount which can be taken up 
decreases markedly in the series from acetic acid to valeric acid. Thus, assuming 
that adsorption is in the form of a monolayer, it is found that the available area 
on the charcoal varies both with the used sample and with the adsorbed sub- 
stance. According to these authors, the differences are due to the diameter of 
pores which has to be considered in view of the chain length of the acid. 

The adsorption, from solutions in benzene, of lauric acid on barium sulphate 
and of nonylic and oleic acid on cinnabar were examined by Hetp and 
and by HELD and Kuatysxy.") From microscopic deter- 
mination of the size of the particles, the total area was evaluated, and the authors 
eoncluded that a double layer of the adsorbed molecules is formed on the solid 
surface. 

These authors have also studied the adsorption of the sodium salts of oleic 
and nonylic acids from their aqueous solutions on barium sulphate, cinnabar, 
and kaolin. A maximum of the adsorbed quantity is reached for a certain 
concentration in water; with our present knowledge this can be said to corre- 
spond approximately to the critical concentration for micelle formation. 
Aecording to these authors, a double layer is adsorbed on the solid surface. 
Recently Corrin, Lixp, Rosrysky, and Harkrys"*5) have studied the adsorp- 
tion on graphite of potassium myristate dissolved in water. The area of the 
graphite powder was determined independently by measuring the adsorption of 
nitrogen. This enabied a calculation of the minimum area, at 35°, per molecu! 
of the adsorbed myristate, which was 36 A?. Maximum adsorption occurred for 
@ concentration in the soap solution of 0-01 mol. A decrease of the adsorption 
was found with higher concentrations. 

In connection with the influence of pH on the adsorption, PHELPs and 
Peters'!‘® have measured the quantity of substance adsorbed on charcoal from 
aqueous solutions of propionic and caproic acid at different pH values. They 
have found that adsorption decreased when the pH increased above the value 
of 5 and was practically nil at about pH 7. The conclusion was drawn from these 
experiments that only the undissociated form of the fatty acids is adsorked. It 
should be noted, however, that the authors have examined in all cases the same 
weak concentration of fatty acid (2 g per litre) and that, with the sudden increase 
of solubility which occurs above pH 5, this concentration is too small to show 
any appreciable adsorption. It would be desirable to make a systematic study 
with varying concentrations for each pH value in order to settle this question. 

The author wishes to thank Dr. M. R. Pottock and Dr. L. Smirovircu 
for their help in writing this chapter in English. 
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UREA INCLUSION COMPOUNDS OF 
FATTY ACIDS 


Hermann Schlenk 


INTRODUCTION 


In discussing the history of the urea inclusion compounds, BENGEN relates that 
the accidental observation that fat separates out from milk upon addition of 
urea suggested a possible method for the quantitative determination of milk fat. 
In a series of experiments to this end, a few drops of n-octy] alcohol had been 
added to one of the samples to achieve better separation. After the solution had 
stood for a while, crystals formed in the interphase. Analysis showed that urea 
and some organic compound were the only constituents of these crystals. Tests 
using solutions of urea and n-octy] alcohol without milk yielded the same com- 
pound. By varying the organic reactant, similar crystals were obtained, always 
composed of urea and an aliphatic component. Although positive with a great 
variety of aliphatic compounds, among them n-octane, the reaction failed with 
iso-octane. BENGEN found that the formation of urea compounds with straight 
chain but not with branched chain molecules is a general principle and can be 
used for their separation.) He prepared the crysta'line urea adducts of hydro- 
carbons, alcohols, aldehydes, ketones, acids, and esters and conciuded that the 
prerequisites of the otherwise unlimited variations of the reaction are: (1) the 
molecules must have more than 4 to 6 carbon atoms, and (2) the carbon atoms 
must be linked to form a straight chain. These observations were summarized 
in a patent application entitled ‘Method for Separation of Aliphatic Oxygen- 
containing Compounds and of Straight Chain Hydrocarbons of at least 6 Carbon 
Atoms from Mixtures Containing Them.”’"*) Soon afterwards, in 1940, BENGEN 
transferred his rights to the former J.G. Farben-Industrie A.G. 

This discovery was further developed by the Oppau Laboratories of the 
Badische Anilin 4: Sodafabrik which was then a part of the I.G. Farben organi- 
zation. In their laboratories, W. ScHLENK Jr. investigated intensively the 
reaction of urea with aliphatic compounds to determine the chemical nature of 
the adducts and possible practical applications. The structure of the crystals 
was elucidated in co-operation with C. Hermann of the Crystallographic 
Institute of the University of Marburg. The findings were restricted to this 
group until the German patent application and subsequent findings became 
available and were transferred to the Allies.”») The research departments of 
the Standard Oil Company (ZIMMERSCHIED, DINERSTEIN, WEITKAMP, and 
MARSCHNER) and of the Shell Development Company (FETTERLY, REDLICH, 
GaBLeE, Dun Lop, and Smits) were the first laboratories to follow the 
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study of this surprising phenomenon. The fundamental publications, appearing 
in 1949-1950, drew general attention to the new field.“ (1), 59 Since then 
the number of reports on urea inclusion compounds has rapidly increased, a 
considerable part of them being devoted to fatty acid compounds. 

Virtually all naturally occurring fatty acids form adducts with urea. Up to 
the present time, of the various publications on urea compounds, those on fatty 
acids attract the most interest. In research on fatty acids the distinction between 
linear and branched carbon chain molecules, important in hydrocarbon studies, 
becomes less significant. Fatty acids also played a minor role in develuping the 
theory of urea adducts, but the great variety of known structures brought to 
light a number of interesting new facts. A mere tabulation of applications to 
fatty acids or their derivatives, without giving a theoretical outline, would 
neglect the possibility of further development and would disregard many yet 
unfilled gaps in present knowledge. 

The principles of inclusion compound formation are demonstrated more 
clearly with urea than with thiourea, desoxycholic acid or other substances 
forming similar compounds.‘*) Knowledge of these principles stimulated the 
search for new inclusion compound formers and the reinterpretation of older 
findings to accord with the new concepts. 


THEORY OF THE UREA INCLUSION COMPOUNDS 


Since the adducts formed by urea with linear organic compounds contain the 
two partners in definite proportions, they are true compounds and not solid 
solutions or mixed crystals. This fact has also been confirmed by tension analy- 
sis.*1) The ratios found for a series of saturated fatty acids are given in Table 1. 


Table 1. The composition of urea inclusion compourds of 
saturated fatty acids‘) 


Moles urea Acid Moles urea 
. per mole acid 


Butyrie . Capric . 
Valeric . Undecylic 
Caproic . | Lauric 
Enanthie Myristic 
Caprylic . ‘ | Palmitic 


The molar ratios iacrease proportionally with the number of carbon atoms in 
the aliphatic component. The carboxyl group or any other characteristic groups 
in a molecule have little influence on these values. Although the compounds 
kave constant proportions in their composition, the fractional values are not in 
agreement with the law of multiple proportions. This law requires stoichio- 
metric factors of small whole numbers which are governed by the valences and 
covalences of the components forming a complex. Here the factors apparently 
indicate the number of urea inolecules which are bound by the partner according 
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tc its chain length. For lauric acid or some others this length only incidentally 
happens to be a whole number multiple of the portion corresponding to the 
length covered by one urea molecule. An axis takes the place of the distinct 
eentres of coordination which are the fundamental concept in the theory of 
complexes. It seems desirable to avoid the term “complex” for such compounds. 
Their stoichiometry is mainly determined by space requirements and their 
formation can not be attributed to the same forces which build complexes 
around discrete centres of coordination in the sense of WERNER’s theory and its 
extension to purely organic complexes.* 


Fig. 5. The structure of hexagonal! urea. 
(from W. SCHLENE, Jr.'*’) 


All urea inclusion compounds crystallize in hexagonal prisms and generally 
appear in the form of thin or coarse needles (Fig. 1). Unsaturated acids and 
their esters tend to form short and thick crystals, even flat hexagonal leaflets 
being obtained from highly unsaturated ones (Fig. 2). In any case the adducts 
are easily distinguished from urea which crystallizes in tetragonal prisms 
(Fig. 3). Some urea compounds were found which do not belong to the hexagonal 
type. They will not be discussed here since they are mainly composed of 
x, w-bifunctional aliphatics.“™ 

Analysis of the crystal structure. revealed that the regular hexagonal prisms 
are built up exclusively of urea; the six molecules forming the unit cell (Fig. 5) 
occupy the edges of the prism spiraling over a length of 11-1 A. More specifically, 


* In the literature on the urea reaction the following terms are found: complexes, adducts, 
mclecular compounds, clathrate compounds, inclusion compeunds and similars. The term “inclusion 
compounds” seems to be more correctly descriptive for this type of compounds. 
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N 
the oxygen atoms are located in the edges, and the rn lie nearly flat 
\n 
in the plane between two adjacent prisms. In Fig. 5 these directions are indicated 
by arrows. (41), (46), (47) 

Since pure urea is known to crystallize only in tetragonal form, it seems to be 
conditional for the stability of the hexagonal structure that a suitable partner 
be present. Removal of the partner by extraction or volatilization causes 
instantaneous breakdown as indicated by the chalky spots in Fig. 4. The x-ray 
pattern of the residual powder is that of tetragonal urea. The hexagonal urea 
pattern, however, is identical regardless of whether the adduct contains a fatty 
acid, an ester, a hydrocarbon, or others. 

The honeycomb-like structure suggests the assumption that the aliphatie ~ 
molecules occupy the free space inside the hexagonal channels. The cross- 
sectional diameters of molecules bound by urea fit well into the lumen of the 
prism. Basing such calculations upon the van der Waals packing radii, the 
maximum diameter of an extended linear hydrocarbon is close to 4-5 A, whereas 
the inside diameter of the channel is approximately 5-5 A. The experimental 
fact that molecules undoubtedly thicker than this available diameter do not 
form urea inclusion compounds accords with this assumption. 

Two types of evidence have been found to support. the concept of host 
molecules, the urea, building up a crystal structure which provides space for a 
guest molecule, the straight chain compound. The compound included must add 
to the weight of the housing structure without changing its volume. Actually, 
the specific gravity calculated from x-ray data for the hexagonal urea plus the 
number of guest molecules per cubic centimetre are in good agreement with the 
values obtained directly."* Furthermore, discrete spots or diffuse bands are 
found in the x-ray pictures of some adducts and it has been possible to trace 
those back to the aliphatic components. These diffractions are superimposed on 
the unchanged pattern of hexagonal urea. The identity periods corresponding 
to the spots or bands are in excellent agreement with the length of the included 
‘molecule when an extended zigzag constellation is assumed.‘ These measure- 
ments have been carried out on adducts of hydrocarbons and of 1,10-dibromo- 
decane only. For fatty acids the method may conclusively demonstrate whether 
the molecules are oriented carboxy] te carboxy] in the channel, as in crystals of 
the pure acids, or are oriented in some other way. 

Between the two groups of molecules which are either reactive or inert to urea 
are compounds ambiguous in their behaviour. These molecules have diameters 
fitting tightly into the urea lattice and react only when a considerable amount of 
another readily reactive adduct former is present. This requirement may de 
fulfilled inter-molecularly, as has been demonstrated with a mixture of 3-methyl- 
heptane and n-decane: pure 3-methylheptane is not able to react with urea but 
is included together with n-decane. The condition may also be met inéra- 
molecularly as in the case of octadecylbenzene. Although benzene itself does nut 
react with urea, the long aliphatic chain in uctadecylbenzene provides enough 
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Fig. 2. Urea compound of shark liver oil acids. 
(from ABU-Nasr‘**8)) 


Fig. 1. Urea compound of eicosanoic acid. 


Fig. 3. Urea Fig. 4. Urea compound of di-n-butylamine, 
(from W. Scuiesx Jr. **?’) partially decomposed by volatilization of 
the amine. 


(from Scuienk Jr. 
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energy for the urea structure furmation to cover the beuzene ring without the 
latter contributing to the stability.“ Concluding from a considerable number 
of similar examples, ‘‘branched chain” and “straight chain” do not exhaust the 
classification of the urea reaction. Even straight chain compounds may offer 
difficulties in the adduct formation, as might be expected for iodo-compounds. 
This effect has been shown by Mrave for some brominated fatty acids. SwERN 
and co-workers centred a study of the isomeric 9,10-dihydroxystearic acids on 
their diameter. Steric considerations will also play a role in research on 
branched fatty acids, e.g. the methyl substituted acids and the acids of Chaul- 
moogra oil. A more detailed discussion of this intermediate group will be given 
at the end of this theoretical outline. 

The formation of urea inclusion compounds is an exothermic process. Caloric 
data on the reaction of fatty acids and esters with urea are compiled in Table 2. 


Table 2. Heat of urea adduct formation 
_ solid urea + dissolved acid or ester — solid adduct 


| 
(Calculated 
poner 


Acids 


Caprylic . ‘ 10-0 
Undecylenic . 19-7 
Myristic . 22-5 
Oleic 


Methyi esters 


Undecylenate . 17-0 
Palmitate ‘ 4 19-4 
Stearate . ‘ 22-2 19-0 
Oleate . 20-6 25-0 
Linoleate ‘ 24-6 
Linolenete 22-5 
11-Eicosenoate 21-2 
13-Docosenoate 23-7 


12-Methylmyristate . 7-8 


Isopropyl estera 

Oleate . 7-0 
1]-Eicosenoate 15-5 
13-Docosenoate 19-5 


Since only part of these measurements have been made specifically in the 
interest of fatty acid chemistry, they need supplementation and correction. The 
following conclusions, however, can be drawn: the molar heat of formation 
increases with chain length, and diminishes upon introducing unsaturation in a 
given chain; the obstruction a methyl] branch offers to adduct formation causes 
an abrupt decrease of the heat of reaction. 

The results obtained calorimetrically and those obtained by calculation from 
equilitria agree insufficiently for comparison. In particular, the low value 
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found for methyl stearate by the latter method is in contrast to above generaliza- 
tions and to other experimental findings indicative for the high stability of 
saturated compound adducts. 

Caloric measurements carried out by W. ScHLeNK Jr. served in computing 
the heat increments of the urea addition to different groups in the molecule.“ 
In Table 3 the change of energy involved by this one step is listed, the energy 


Table 3. Heat increments of the urea addition to 
various groups 


Group g Cal/1 g equiv. | g Cal/1 A length 


SOM « 2700 2150 


. . 7900 6300 
—OH (prim.) .. 4300 3000 
13600 5500 
—Coo— . 8200 


required for converting tetragonal into hexagonal urea and the heat of evapora- 
tion being subtracted from the experimental overall values. These energies are 
the binding forces between urea and the molecules included. They qualitatively 
reflect the tendency for hydrogen bond formation of the oxygen containing 
groups. For the methylene group the value must represent van der Waals 
forces. SMITH considers 2700 cal per g equiv. CH, as too high and explains the 
stability of the adducts as due largely to hydrogen bonds between the urea 
molecules in the lattice.) Since pure urea is known only in tetragonal form, 
the additional forces acting between urea and the guest molecule must have the 
deciding share in the stability. In long chain compounds the van der Waals 
forces between methylene groups and urea outweigh the additional binding 
energy of the functional groups. 

The lowered stability of unsaturated compounds, significant in work with 
fatty acids, remains unexplained. The irregularity in the unsaturated moiecule 
may prevent establishing balanced optimum distances for the potential between 
urea and the area of the double bond. Therefore the associating furces are not 
as strong as for saturated chains in urea. Experiments on triple bond compounds 
which might check any speculation explaining the behaviour of the double bond 
have not been reported. A similar phenomenon, however, may be seen in the 
instability of straight chain thiourea inclusion compounds. In the adducts 
formed by thiourea the lattice has a wider lumen than in those formed by 
urea'?®, (46 and branched and cyclic compounds are therefore readily included. 
On the other hand, straight chains do nct pack tightly enough the available 
space in thiourea so that the structure is not evenly “supported” but is likely 
to collapse. (24), (37), (42) 

The interaction between urea and specific groups of the guest molecule is also 
demonstrated by the separation of optical isomers from racemic mixtures by 
means of the urea inclusion reaction. In principle the procedure applies to all 
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vrea adducts although being reported so far for only 2-ch!orooctane. In 
Fig. 5 the urea molecules form a right-hand threading, which cannot be brought 
in congruency with its mirror image. The two lattices are enantiomorphic, each 
form accommodating preferentially one component of the racemic mixture as a 
result of the localized forces between asy1ametric lattice and asymmetric guest. 

The dimensions of the urea unit cell are known very precisely. Hermann 

found the period of identity for the urea to be 11-1 A and the diameter of the 
unit cell to be 8-20 A (cf. ref. ‘”), and the values determined by Smita, 11-0 A and 
8-23 A respectively,* 7) are in excellent agreement with this. The available 
lumen is much less clearly defined. Although exact values are known for the 
distance of the centres of atoms chemically bound, they cannot be given so 
precisely for the van der Waals radii or the mutual penetration of atoms or atom 
groups. W. ScHLENK Jr. and HERMANN assume a maximum value of approxi- 
mately 5:5 A for the available diameter,“? SwrERn and co-workers assume 
5-5-6-0 whereas ScHTESSLER and Fuirrer derive 4:1 x for the 
lumen.) When properly interpreted, this disagreement is not serious because 
molecules of about 4-5 A diameter permit an optimum for van der Waals 
attraction, whereas for 5-5 A repulsion is prevalent. This statement considers 
only hydrocarbons or the hydrocarbon moiety of a molecule. The experimental 
materia] does not suffice to show to what extent hydrogen bonding might com- 
pensate for thickness as there are no caloric data reported for compounds having 
sec. hydroxyl, methoxy] or hydroxymethyl groups or for similar series which are 
comparable with their straight chain isomers. 
x-ray diffraction showed maximum extension for hydrocarbons and «,- 
~  dibromohydrocarbons included in urea and consequently regular zigzag constel- 
lation of the molecule is approached at least by them very closely. It is uncer- 
tain, though, how far the constellation preferable for substituents in an isolated 
molecule might be distorted to make it fit to the high relief of potential energies 
inside the urea structure. Taking dichloroethylene as an example of a critical 
fragment, such rotation changes the diameter of the molecule as is easily seen 
with atom sphere wnodels. Keeping this in mind, a comparison of alternative 
structures for a compound will be satisfactory for a qualitative prediction of . 
adduct formation. The Fisher-Hirschfelder-Taylor® or the Stuart models‘*» 
offer the simplest approach. They demonstrate space filling and stearic hin- 
drance according to the atom radii as they were known in 1936 and 1934. These 
values, besides no longer being up-to-date in many respects, were also modified 
in constructing the models and their use permits only a rough approximation. 
A comprehensive discussion of atom models in keeping with new findings has 
been given by BRIEGLEB in 1950. 

The empirical approach to find principles predicting whether a molecule will 
form an inclusion compound with urea has been most accentuated for variations 
in the skeleton of acids and alcohols. It is not to be expected that an “all or 
none” principle applies and there are some discrepancies in the results due to 
differing techniques. TrvTeR,®® whose work is of major interest, dissolved the 
substance to. be tested in 100 parts of benzene and used for the reaction solid 
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urea moistened with methanol. In Table 4, the compounds are grouped accord- 
ing to their suructure, the partitions within the groups being ¢rawn between 
negative and positive response to urea. The position of the branch relative to 


the carbonyl cf the ester group follows the numbering system 


Cc 
| 


} 23 4 5 


able 4. Effect of chain length versus branching on 


reaction with urea 


No reaction 


Reaction with urea 


It. Ethy! in position 4 


V. Two methyl groups 


I. Methyl in position 3 . 


IJ. Methyl in position 4 . 


IV. Methyl] in position 5 . 


l-methytheptyl acetate 
l-methylheptyl propionate 


2-methylbutyl propionate 
2-methylbuty] octanoate 


2-ethylbutanol 
2-ethylbutyl octanoate 
2-ethylhexy] hexanoate 


3-methylbutanol 
3-methylbuty! propionate 


2,6-dimethyloctene-1-ol-8 
(citronellol) 

citronellyl butyrate 

2,6-dimethyloctadiene-2,6-ol-8 
(geraniol) 

geraniol octanoate 


i-methylheptyl butyrate 


2-methybutyl decanoate 
2-methylbutyl dodecanoate 


2-ethylbutyl decanoate 
2-ethylbuty] dodecanoate 
2-ethylhexyl octanoate 

2-ethylhexyl dodecanoate 


3-methylbutyi hexanoate 
3-methylbutyl octanoate 


citronellyl octanoate 


geranyl dodecanoate 


Apparently the chain length necessary to support inclusien compound forma- 
tion depends upon the position of the substituent. Taking the ester oxygen as 4 
link equivalent to one carbon atom and cutting out the two atoms neighbouring 
the tertiary carbon atom, the minimum requirement is a straight chain of 8 
atoms (I, IV) or 11 atoms (II) whereby two small chains are as effective as one 
long chain. In explaining the different requirements of 8 and 11 atoms, TRUTER 
points out that the side chain is closer to the side of the carbonyl for odd number 
substitutions than for the even numbered ones. In the latter position the sub- 
stituent and the carbony] are on the opposite side of the stretched axis of the 
molecule and so the diameter is ‘ncreased. This is illustrated in Fig. 6, where the 
methyl group of 2-methy!butyl decanoate and the carbonyl group point in 
nearly opposite directions. Fig. 7 shows n-amyl acetate, a typical adduct 
forming chain, whereas Fig. 8 shows 3,9-diethyltridecanol-6 as an example for a 
substance which does not add urea. 
The results of other authors conform with Truver’s findings, except for 
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Fig. 6. 2-Methy]butyl decanoate. The axis of the molecule is turned so that the maximum 
diameter is approximately in the plane of the projection. 
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Fig. 7. n-Amyl acetate, a molecule 
which veadily forms a urea inclusion 
compound. 
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Fig. 5. 3,6-Diethyltridecanol, a molecule 
which does uot form a urea inclusion 
compound. 
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Preparation and Aualysis of Pure Urea Compounds 


2-ethylhexy] myristate (III) which has been reported not to form an addition 
compound. In listing the compounds tested, the Roman numerals indicate to 
which of the above groups a structure belongs. The following compounds 
give no reaction with urea: isobutyric acid,“ !) 2-methylbutyric acid (II), 
2-ethylhexy] myristate’ (III), isopropy] 12-methylmyristate,“ the formates, 
acetates and toluene sulphonates of 12-hydroxystearic acid and methy] ricino- 
leate,> the oximes of ketostearic acids,‘ cholesteryl esters," 3,9-diethyl- 
- tridecanol,® triglycerides. However, the isopropy] esters of oleic, 11-eicosenoic 
and 13-docosenoic acid (I), ethyl 3-methylundecanoate"*) (i), the methyl 
esters of i2-methylmyristic,“ and 13-methylpentadecanoic acid’) and 12- 
methyltetradecyl acetate" react with urea. Whereas 2,2-difluorooctane forms 
an adduct without difficulty,“ the large bromine atom has marked influence 
upon the reaction. For example, 2-bromooctane,® 9,10-dibromostearic acid, 
linoleic acid dihydrobromide,* tetrabromostearic dibromopalmitic 
acid‘) do not react with urea. However, urea adducts form with 1-bromo- 
hexane, dibromooleyl alcoho!"*® and 9- and 10-bromostearic acid. 
Rules similar to those discussed above for branched esters are found in 
TRUTER’s publication for molecules having benzene and cyclohexane as the 
critica] area. Benzoic acid esters apparently hold a special position in that they 
could not be brought to reaction at all. 


PREPARATION AND ANALYSIS OF PURE UrE« ComMPoUNDS 


Urea binds fatty acids and their derivatives in a ratio of approximately 3 : 1 by 
weight. In preparing the adducts it is often necessary to apply an excess of urea 
- in order to obtain a satisfactory yield from the equilibrium, 


xUrea + yAcid = Urea, . Acidy. 


Equilibrium constants for several fatty acids anc esters at different temperatures 
have been measured by REDLIcH and co-workcrs. The conclusions in dis- 
cussing the heat values of the reaction were partly based on them. H. SCHLENK 
and HoLMan arrived at a similar picture of relative stabilities by comparing the 
yields obtained from different fatty acids when the reactions were carried out 
under standardized conditions. Long-chain fatty acids give high yields and 
unsaturation opposes this. Moreover, it was found that for unsaturated fatty 
acids conjugation facilitates the addition eompared with the nonconjugated 
isomers, and that trans configuration is favoured above cis configuration.“ 
To obtain a pure adduct it is advisable to bring both fatty acid and urea in 
solution as described in the following: 1g of fatty acid or of a derivative is 
dissolved in 30 ml of hot methanol containing approximately 5 g of urea which 
corresponds to a solution saturated at room temperature. If necessary, chloro- 
form is added dropwise to achieve complete dissolution of the lipid. Upon cooling 
to room temperature or below, a precipitate forms. It is advisable that the 
precipitate be checked under the microscope for unreacted fatty acid or urea. 
Most compounds are stable enough to be washed on the Buchner funnel with 
cold benzene, ether, 2,4,4-trimethyl-pentane or low boiling petroleum ether. 
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These solvents are inert to urea and when used cautiously they do not markedly 
extract the fatty acid or other lipid component. Excess urea can be removed 
only by recrystallization which means a complete dissociation ard new forma- 
tion of the adduct from the approximate stoichiometric amounts gained in the 
first crystallization. Isopropyl alcohol is usually a satisfactory solvent. SWERN 
recommends methanol or isopropanol, one- sol up to two-thirds saturated with 
urea for the recrystallization.“™ 

Variations of temperature and concentration are necessary when the tendency 
to form the adduct is very low. Linoleic acid, for example, does not respond at 
room temperature to these conditions. It can be converted in 90% yield into 
the urea compound by using less solvent. To the hot mixture of 7-5 g linoleic 
acid and 30 ml methanol, 22:5 g finely powdered urea, about the theoretical 
amount, is added under stirring and further heating. The solution does not 
become homogeneous but the adduct crystallizes uniformly by cooling slowly 
to — 1°9,(40) 

Methanol is generally accepted as the best solvent for small scale work. For 
large preparations it is important that the reaction takes place without any 
solvent, although small amounts of a urea solvent are desirable to catalyze the 
reaction. Like any urea solvent, a lipid solvent changes the equilibrium towards 
dissociation. W. ScHLENK Jr. thus found complete dissociation at room tem- 
perature for 4-65 g n-heptane inclusion compound (equal to 1g heptane. 
0-01 mol) in 89 ml] benzene (1 mol), whereas dissociation is only 3-3°4 for 9-65 ¢ 
hexadecane adduct (2:26 g hexadecane, 0-01 mol) in the same amount oi 
benzene.'*) When the fat solvent itself is an adduct former, its equilibrium with 
urea is in competition with the desired reaction. Therefore, higher hydrocarbon: 
or acetone are mostly avoided in forming the product. 

The presence of urea does not interfere with the usual titration of fatty acid: 
in methanol or ethanol using phenolphthalein. Saponification and iodin 
numbers have also been determined directly.’ In saponifications urea show: 
a small blank value which must be subtracted. If no characteristic group i: 
accessible to direct determination, resort must be made to quantitative recovery 
of one of the components or to elemental analysis. Although the molar or weigh 
ratios are of little signitieance for the organic component (Table 5), they ensur: 
the purity of the adduct isolated. 

Urea inclusion compounds of the following acids and esters have been de 
scribed: 

Saturated fatty acids without substituent*: Butyric{}, valerict’, caproic! 
enanthic,, pelargonic}®, undecylic*, 
tridecylic”, myristic2? 10,81 arachidic* 
behenic*®. 

Saturated fatty acids with substituent: 12-hydroxystearic*®*!, 12-ketostearic*® 
9,10-dihydroxystearie (m.p. 95°)59'3}, 9,10-dihydroxystearie (m.p. 131°)s9 5, 
9,10-epoxystearie (cis, m.p. 59°)*° , 9,10- epoxystearic (trans, m.p. 55°)”. 

Unsaturated fatty acids: 10- 


elaidies? *° 
* The superscripts refer to acids, the subscripts refer to methyl esters, sometimes ethy] e2:ccs. 
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petroselinic®, petroselaidic*®, 11-eicosenoic;s, erucic$?, brassidic*, linoleic$®, 
10,12-linoleic*, linolenic3}, x-eleostearic*®, £-eleostearic*®, pseudo-eleostearic*, 
| ricinoleic*!, 

Brominated and branched fatty acids are listed on page 251. 


Table 5. Composition of various urea compounds 


C,,—Acide* C,,—Methyl esterst 


Urea : ester 
mole ratio Urea weight % mole ratio Urea weight % 


Stearic . 75-1 14-8 
Oleic 50-9 13-7 74:3 74 
Linoleic 51-4 13-1 73-7 14-2 74 
Linolenic 51:3 13-6 74-6 13-7 74 


Other esters} 


Methy! palmitate . 13-5 75 
Vinyl] palmitate . 15-1 76 
1-Monopaimitin . 17-1 76 


Calculated from A.N. of adducts.” 
+ Calculated from change of concentration of reactants.“ 
$-Calculated from saponification or iodine number of adducts.'*” 


PREPARATION OF UREA COMPOUNDS FROM MIXTURES AND RECOVERY OF 
THE Fatry CONSTITUENTS 


The adduct formed from a mixture of potential reactants consists of a single 
solid phase and the “mixed compounds” have the uniform structure of the 
hexagonal urea without distinction of the various molecules included. To 
accomplish complete. precipitation the amount of solvent is kept small and in 
general the procedure is adjusted to the character of the mixture without 
difficulty. The following describes a nearly 100% conversion of a fatty acid 
mixture into the adduct. Six hundred millilitres of methanol, previously 
saturated with urea at room temperature, were heated with 750 g of urea on a 
| steam bath. Soybean fatty acids, a total of 253 g, were added in portions under 
stirring and continucus heating. The reactants did not homogenize, but formed 
three phases before final crystallization. Eventually a rather solid mass of 
crystals formed which was freed from the mother liquor by pressing in a Carver 
laboratory press. The solids, after powdering and washing with cold benzene, 
accounted in their analysis for 97% of the acids, while nearly 3% of them was 
found in the combined liquids.“ 

Coconut fatty acids react very readily without solvent due to their content of 
lower fatty acids. Inhibitors, reported for certain petroleum fractions) are not 
encountered in natural fatty acid mixtures. Nevertheless it takes sometimes a 
long period before the reaction takes place. Reaction can be hastened by adding 
a little methancl, but still more methanol is desirable to facilitate handling of 
the product. 
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Precipitation of natural mixtures is carried out chiefly for the purpose of some 
type of fractionation. When the objective is the separation of straight chain 
compounds from heavily branched ones, an excess of urea hardly influences the 
results except by mechanically retaining some cf the branched components. 
MEaDE reacted the wax esters of sperm oil by grinding 100 ml of oil with 300 g 
of urea wetted with 10 ml methanol. The dry powder which had formed was 
treated with cold petroleum ether which extracted 23 g glycerides, leaving 
behind the mixture of adduct and excess urea. '25) 

When mixtures containing straight chain molecules exclusively are to be 
fractionally precipitated, the amount of urea is usually taken as the variable 
regulating the fraction to be bound. In several experiments soybean fatty acids 
were reacted with insufficient amounts of urea and the solvent then was evapor- 
ated. Under such conditions all urea had been utilized for binding fatty acids. 
For a variety of oils, ranging in iodine number between 19 and 169 urea utiliza- 
tion was decreased at room temperature to about 80°% when two or three volumes 
of methanol per weight of oil were present. The influcnce of the temperature on 
the amount precipitated was shown when 25g of soybean fatty acids were 
reacted in 750 ml of methanol containing approximately 120g of urea. In 
successive filtrations at 27°, 4°, and — 15°, the acids bound amounted to 5-9, 
16-4, and 2-2 g. Adducts can be also obtained from concentrated aqueous 
solutions of urea, provided the material contains saturated or monounsaturated 
acids. Although the equilibria are most unfavourable in water the high concen- 
tration of urea prevents complete decomposition cf the more stable adducts. 
The possibility of using aqueous urea solutions is mentioned several times in the 
literature, but only SakvRal reported such procedure in studying the segrega- 
tion of fatty acids: the acids as such and in organic solvent were reacted with 
aqueous urea. The latter seems to be less desirable."*® In other experiments, an 
attempt was made to re-use the aqueous urea solution in a cold—hot cycle. 
Adduct was formed at room temperature from coconut fatty acids and aqueous 
urea; the oily phase of unreacted acids was then removed from the mixture. 
The crystals suspended in the aqueous phase were decomposed by heat and the 
newly formed oil was again separated. The urea solution formed new adéuct 
when recombined with the unreacted acids.“°*) FETTERLY announced recently 
a study of the two-phase reaction in regard to the fractionation of saturated and 
unsaturated acids. 

The fatty acids can be recovered easily from the adducts by splitting the 
compound with water or dilute acid and by subsequent separation. Unsaturated 
acids tend te give emulsions. An alternative for the recovery is che extraction 
of the organic component, i.e. using a lipid solvent instead of a urea solvent. 
MEADE extracted wax esters bound in urea by boiling twice with benzene,‘ but 
the author fovnd that the extraction of palmitic acid was not complete after 
several hours treatment with ether in a Soxhlet spparatus. Evaporation, the 
most direct method of recovery for both components, is not applicable to the 
higher fatty acids. A cyclic process has been developed for urea fractionation of 
lower hydrocarbons. ‘®) 
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PROPERTIES OF THE IncLUSION ComMPOUNDS 
Temperature of dissociation 


The adducts, even those obtained only under special precautions, are perfectly 
stable as long as the compound included is not volatile and contact with any 
solvent for either component is avoided. These adducts are as colourless as the 
parent substances, but pentadecy]-diazomethylketone and 1-palmitoxy-3-diazo- 
acetone, being yellow themselves, maintain this colour with urea.® When 
observed in the usual manner at the breakdown of the crystalline structure, all 
melting points of individual compounds are between 132° and 134°, which is 
practically the same as that of pure urea. A method of characterizing the 
compounds and thereby the fat components has been developed by SwERN and 
co-workers.' 'They find the “temperature of dissociation” to be characteristic 
for individual fatty acid or ester adducts. This point is specified as the tempera- 
ture at which the clear transparent crystals become opaque and milky. It is 
markedly lower than 132° for many fatty acids and it is well defined over a 
range of 1°.. For the determination a Kofler micro hot stage is attached to a 
microscope (magnification 24 to 40 x ) and the crystals are placed on a polished 
copper strip 4; in. thick. The temperature is raised not more than 1° in 5 min 
within 5° of the point of dissociation. Using this technique the point is recorded 
where definite milkiness of the formerly transparent crystals is observed. The 
values are reproducible within + 1-5° (Table 6). 


Table 6. Dissociation temperatures of adducts (°C) 


Methy! 
ester 


Caprcic 
Caprylic 
Pelargonic 
Caprice . 
Lauric 
Tridecanoic 
Myristic 
Palmitic 
Stearic 
Oleic . 
10-Hendocenoic . > 
9,10-Epocystearic, cis, m.p. 59° 
9,10-Epoxvystearic, trans, m.p. 55° 
9,10-Dihydroxystearic, m.p. 95° 
12-Hydroxystearic, m.p. 81° 
12-Ketostearic, m.p. 81-5° 


| 

Viny! pelargonate 

| Vinyl laurate . 

| Vinyl palmitate 

Vinyl stearate* 
1-Monopalmitin® . 

| 1,3-Dipalmitin*® 


| 


- 


* Crystals of adduct were opaque, and therefore technique could not be employed. 


Since identification and recovery of the original material is often important, 
the simple preparation of the urea compounds offers great advantage over the 
use of derivatives. Dissociation temperatures of low melting compounds, at least 
in the saturated series, are in a convenient range and they are spread wider 
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apart than the melting points of their common derivatives (Fig. 9). The use of 
this method to characterize unsaturated acids besides oleic and elaidic acid has 
not been reported yet. For highly stable adducts, the opacity coincides with 
the melting of urea. This point, however, is approached in a nearly straight 
line for a homologus series. Since the forces building the crystalline structure 
increase by a constant value for each additional methylene group, the energy 
required to break the association also increases steadily. The features of poly- 
morphism and alternating melting points, exhibited by even- and odd-numbered, 
fatty acids are eliminated. Such group qualities are lost when the molecules 
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Fig. 9. Temperatures of dissociation of salurated fatty aeid urea adducts, melting points 
of free acids and of p-bromophenacy] esters. 


are singled out in the urea lattice. SwERN and co-workers also report the char- 
acterization of alcohols and the method certainly is not limited to the groups 
so far tested. 


Preservation against oxygen 


Another remarkable property of the urea inclusion eompounds must be traced 
back to their particular crystalline state. H. ScuLeNK and Houtman observed 
tnat unsaturated fatty acids bound in urea are perfectly stable against autoxida- 
tion. This stability became apparent when the urea compounds of unsaturated 
fatty acids did not develop rancidity. The stability has been demonstrated 
conclusively by following the peroxide values of both free and bound soybean 
fatty acids over a period of several weeks.‘ The oxygen uptake of pure linoleic 
and linolenic acids and of their adducts also has been measured.’ (Fig. 10.) 

The autoxidation of unsaturated fatty acids is known to be a chain reaction. 
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Fractionations by Means of Urea 


Because the contact: of donor and acceptor molecules is prevented in the crystals, 
the chain mechanism cannot operate. Furthermore the urea probably offers a 
barrier against the free penetration of oxygen. 

The necessary precautions against autoxidation are greatly reduced by this 
stabilization in all urea fractionations. The adducts are an ideal stcrage form, 
at least for laboratory scale amounts. They have been used directly for the 
preparation of feed rations in nutritional studies on essential fatty acids where 
the presence of urea did not interfere.2”) This application is limited to free 
acids having less than four double bonds, for Asv-Nasr, Potts, and Hotman 


v 
Fish FREE ACIDS 
2 
z 
> 


LINOLEIC ACID 
LINOLENK ACID 


UREA COMPOUNDS 


100 200 HOURS 


Fig. 10. The oxygen absorption of linoleic and linolenic acids and their urea compounds at 
37° under oxygen. 

(from H. SCHLENE and 

encountered difficulties in binding highly unsaturated fractions of cod-liver 

fatty acids. When esterified, however, the same acids react readily with urea.‘*”) 


FRACTIONATIONS BY MEANS OF UREA 
Straight chains from branched compounds 


The principle of such separation is to bind all potential adduct formers and to 
leave the heavily branched components unchanged. The method is of interest 
for the removal of free acids from triglycerides. Rrspas and Gu refined fish oils 
by heating them with urea, diluting the reacted mixture with benzene and 
centrifuging off the solids.“ The acid numbers of the original material and of 
the resulting fractions were compared on the basis of free C,, acids. A content of 
10% free acids in sardine oil was reduced to 3-6% in the residual oil, whereas the 
fraction isolated from urea contained 51% acids. From 26% acids in cod-liver 
oil, 14% were retained by the glycerides after one treatment with urea, and 
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6-9% after a second treatment. No substantial change was achieved when'the 
oil contained only 5% free acids. Urea precipitation of acids from various other 
triglycerides has been mentioned by Meape,'*) and Norp,‘*) and by 
Moreno, Roncero, and JimENeEs.'*®) The latter authors also treated turpentine 
resin acids containing fatty acids. The procedure should apply equally to the 
otherwise rather cumbersome separation of mono-, di-, and triglycerides, for 
which preliminary experiments with urea have been reported to give unsatis- 
factory and unexpected results.) 

The constituents of wool wax, i.e. fatty acids, higher aliphatic alcohols, and 
sterols, were separated by saponification and subsequent binding of the straight 
chain alcohols. The fatty acids had been eliminated by the usual alkaline 
extraction of the saponification mixture. From 100 g of unsaponifiables, 21 g 
of straight chain alcohols were obtained by precipitation with urea in ethanol 
aud recrystallization of the adduct from the same solvent. The sterols remained 
in the mother liquor (v. Rupotrr), Unsaponified sperm oil has been frac- 
tionated by MEapE'*) (see p. 254). 

In a study ow fatty acid vinyl esters, SwERN and Port made use of the urea 
method for purifying vinyl pelargonate from cross-linked contaminants and also 
for recovering monomer vinyl palmitate from partly polymerized material.‘ 


Fractionation of various straight chain compounds 


The influence of characteristic groups upon urea addition has already been 
discussed in the theoretical outline. Tests using two-component blends showed 
that an effective segregation uf long and short chain fatty acids and also of 
saturated and unsaturated acids can be achieved by one urea precipitation.‘ 
The main interest has been focused on the fractionation according to unsatura- 
tion. The protection against oxygen and the convenient temperature offer 
advantages over the conventional low temperature crystallization, although the 
amount of urea carried with the fatty acids is often an impediment. Moreover, 
recovery of the free material requires an additional step. In the series palmitic 
or stearic, oleic, linoleic, and linolenic acid the efficiency of separation is best 
between oieic and linoleic acid. The importance of this fact is iJustrated by the 
following example: Soybean fatty acids, I.N. 132. were fractionated by urea 
precipitation into two approximately equal parts having I.N. 77 and 169. Oleic 
and linoleic acid, the major components of this oil, had been enriched and were 
the main constituents in the respective fractions. The linoleic acid fraction was 
reconverted into glycerides and proved to have drying properties equal to 
linseed oil.'*®) Such segregations have been carried out with a large variety of 
fats. In the experiments listed in Table 7, the amount of the more saturated, 
precipitated fraction is regulated by the amount of urea,), ‘) except in the 
fractionation of rice oil, where the amount of methanol had also been varied 
systematically.) Similarly. cotton-sced fatty acids have been separated into 
four fractions having I.N. 18, 115, 187, and 193 (filtrate). Besides fractionation, 
a purification of the material was achieved since the colour of the prepared acids 
was improved and the contaminants were concentrated in the filtrate.(7 
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Table 7. Enrichment of saturated and unsuturated fatty acids 


Urea | Methanol 


Chinese tallow 

Olive oil . : -| 60 81 50 13 46 37-7 85-5 
Corn oil . > -| 50 126-5 75 21 81 26 164 
Gourd seed oil . -| 49 148 50 14-7 81 34 160 
Soybean oil . -| 100 141 30 Q 56 81 162 
Soybean oil . -| 100 141 100 27 88 56 180 
Soybean oil -| 100 141 200 67 119 27 191 
I.inseed oil : -| 650 169 75 20 109 29 204 
Rice oil . P ; 20 99 20 120 4-2 29 15-1 | 115-9 
Rice oil ~ a i 20 99 40 240 7 40 11-9 | 134-8 
Rice oil 360 . 


The formation of inclusion compounds with insufficient amounts of urea is 
competitive for the various components of a mixture and the composition of the 
solids should largely follow the individual equilibrium constants. The “trailing 
in” efiect, which has been discussed on page 246 for branched compounds, 
certainly appiies here too and counteracts a clean-cut separation of straight- 
chain components. The different equilibrium constants influence each other 
unfavourably for separation. 

SwERN and PaRkKER tested the efficiency of the method for the specific problem 

~ of preparing oleic acid from various commercial sources.‘®) Their objective was 
to apply the urea separation to fats of low quality, comparable with crude 
industrial materials. In their procedure the bulk of saturated acids was removed 
by crystallization from 90% methanol at 0°. Urea was then added to the filtrate 
and the adduct crystallized at room temperature (Table 8). 

The authors discuss the merits and disadvantages of the urea procedure and — 

_of solvent preparation of oleic acid. In addition to the general considerations 

given above, they emphasize for this specia! case the imprcved colour in favour 

of the urea method. On the other hand, the yields are somewhat lower and urea 

is Jess etficient in removing polyunsaturates than low temperature crystalliza- 

tion. Intentionally, the recovery of urea and of methanol has not been con- 

sidered. Swern and PaRKER also studied the use of urea in concentrating 

linoleic and linolenic acid. They obtained 85-95% pure linoleic acid from corn 

oil, the recovery being 72—50%, and 87—89% pure linolenic acid from perilla 

oil, recovery 61—55°%. The technique was not so efficient in concentrating 

linolenic acid from linseed oil fatty acids. There the practicable enrichment 

apparently reaches a limit with 70% purity, the recovery of linolenic acid, 

however, being excellent. A levelling off in the efficiency of separating the 
higher unsaturated acid is clearly indicated in the experiments.” 

In an attempt to isolate fatty acids containing four, five, and six double bonds, 

Axsu-Nasr, Homan, and Ports concentrated the highest unsaturated acids of 
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Table 8. Eur*chment of oleic acid by fractionation of industrial 
fatty acids 


Acids from urea precipilat:* 
Acids from 
solvent cryst. 


Artificial blend: 
Myristic 0-6 
Palmitic 6-0 
Stearic 2-0 
Oleic 
Linoleic . 


Prime tallow: 
Saturated 
Oleic 
Polyunsatd. 


Brown grease: 
Saturated 99 
Polyunsatd. . : 6-8 


Inedibie tallow: 
Saturated 4-4 
Oleic 138 
Polyunsatd. . 2:9 


Red oil:t (| 
Saturated . -| 150 88 
Oleic -| 700 528 
Polyunsatd. . -| 150 12-6 


Oleic acid: 
Saturated ‘ -| 150 103 
Oleic -| 700 | 616 
Polyunsatd. . -| 150 14-7 


* Assay of components see BRICE ef al.'” 
Single-distilled commercial oleic acid. 
Above commercial material, straight run redistilled. 
After straight run distillation, 
|| After fractional distillation. 
€ Solvent crystallization omitted. 
marine fish oil in successive steps. The mixture of maximum unsaturation 
precipitated by urea had an I.N. of 215, whereas the mixture left behind, 
I.N. 350, did rot react upon further addition of urea. ‘The methyl esters of the 
same material, however, were bound up to I.N. 346, and the filtrate had I.N. 344. 
The results were almost equal for methyl, ethyl, propyl, and butyl esters. In 
their interpretation, the authors accordingly give more weight to the different 
character of the carboxy] and ester groups than to the increase in chain length. 


From esters of cod liver, shark liver, pollack liver, menhaden, salmon and herring 


260 


filtrate 
| Total Olete act 
Fatty acids* g 
g | IN. g | IN. g | 
84] 1-7 1-6 | 0-5 
7 ; 73 70 | 78 121 
. 90 6-4 | 13 
i 0-16) 1-6 
407 429 | 42 | 74 
532 412 | 79 77: | 83 | 87 | 131 
qe | 653} 49 | 69 | 94 | 105 — 
| | 
| 
(§) 
79:2 | 76 | s4 | 222 | 132 : 
88 | 84 136 
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oil, unsaturated conceutrates were obtained having I.N. between 294 and 
356.'°”) Subsequent displacement chromatography showed that these were still 
mixtures of fractions having I.N. between 280 and 450. 


Preparation of pure unsaturated acids and esters 


The preliminary solvent crystallization in the above preparations of oleic acid 
concentrates serves mainly to eliminate saturated acids which would be precipi- 
tated with the bulk of oleic acid in adduct form. This is done not only to restrict 
the urea as closely as possible to the amount necessary for binding the desired 
component, but also to compensate for the limitations of the urea method, which 
is not practical for separating the saturated acids from oleic acid. Since in 
natural mixtures different degrees of unsaturation as well as various chain 
lengths are represented, there will be always an enrichment of C,,—C,, acids 
along with the unsaturated fractions of higher acids. The tendency to fori the 
urea adduct may be estimated to be about equal for oleic acic and a saturated 
C,, acid. However, the efficiencies of distillation and urea precipitation supple- 
ment each other effectively in regard to the two variables. Distillation allows 
separation according to chain length so that in the fractions of a distilled product 
this factor cannot interfere any more with the urea separation according to 
unsaturation. H. ScHLENK and HoLman prepared methyl oleate and methyl 
linoleate by a combination of both methods.“ In applying an additional low 
temperature crystallizatiou, SwERN and PaRKER obtained better yields of oleic 
acid and ester with a lower content of polyunsaturates.“) (Table 9.) 


Table 9. Preparation of pure unsaturated acids and esters 


Material used Compound obtained| g IN. Quality 
Olive oil,“ methylesters | 463/ 84 Methyl oleate .| 184 | 88-5| 2-3% linoleate, 
no saturates 
Olive oil) . ‘ -|1000| 78 | Methyl oleate .| 540 | 84-9; 0-2% linoleate 
0-9% saturates 
Olive oil,"*!) acids . -| 1000} 81-3) Oleic acid .| 500 | 88 | 01% linoleic acid 


2-2% saturates 
Corn oil,'* methylesters.| 200/ 125 | Methyllinoleate | 28 {173 | Theoretical 
LN. 172.5 
Corn oil,“ methylesters.| 200/ 125 | Methyl linoleate | 46 |168 | Theoretical 

| LN. 1725 


Separation of modified materials 


It is obvious from the theory of adduct formation that the procedures of segre- 
gation described above are applicable to mixtures of fatty acid nitrils, of fatty . 
aleohols,'*®) or others without markedly changing the pattern. In special cases, 
however, the efficiency of fatty acid separation can be improved by altering 
some of the constituents of a mixture into derivatives for which a pronounced 
change in their reaction with urea is to be expected. This has been carried out 
experimentally by MeaDE in a separation of ricinoleate from other castor cil 
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esters lacking an alcoholic group. The methyl esters were heated with boric erid 
to esterify the hydroxyl containing moiety. The orthoborates are heavily 
branched and the type of separation resembles the removal of acids from trigly- 
cerides, except that water and alcohols must be rigorously excluded since they 
would split the boric acid esters. Acetone was chosen as the solvent and after 
hydrolysis of the portion not bound by urea, 80 g of pure methy] ricinoleate was 
obtained from 100 g eastor-oil esters. Although acetylation produces the same 
effect as this esterification, the quality of the product obtained from eommercial 
acetylated castor-oil esters was not quite as good. 25) 

Another accessory reaction is the bromination of double bonds, for the rather 
bulky bromine inhibits adduct fomnation when it is not in the w-position. It has 
thus been possible to isolate the methy] esters of unsaturated C,, acids in bromi- 
nated form from parsley seed oil. Petroselinic acid was removed from the acids. 
by solvent crystallization. After esterification a close C,, fraction was distilled 
using methyl palmitate as a carrier. The greater part of the palmitate could be 
eliminated by crystallization and the residue containing the unsaturated Cy, 
methyl esters was brominated. From the mixture of bromo-esters and methyl 
palmitate, oniy the latter reacted with urea. The bromo-esters were isolated 
from the mother liquor and treated with zinc to yield hexadecenoic ester (0-2%) 
and hexadecadienoic ester (0-05%).'*5 Unfortunately, no procedure is known 
for direct dehalogenations which can claim to render the genuine unsaturated 
material. 

Without discussing the detailed structure of peroxide intermediates of fatty 
acid autoxidation, one may expect that the presence of a peroxide group will 
change greatly the readiness of unsaturated fatty acids to combine with urea. 
This has been established by treating autoxidized soybean fatty acids with 
urea, whereby the different fractions were either depleted of peroxides or 
enriched without appreciable decomposition.“ CoLEMaN, KNIGHT, and SWERN 
developed the urea technique for obtaining highly concentrated methy! oleate 
peroxides.) Since secondary products become prevalent after a maximum 
content of peroxides has been reached in the course of autoxidation, it is neces- 
sary to process the material before the peak level of the peroxide number has 
been passed. Otherwise the separation of the oleate peroxides frora the mixture 
is unsatisfactory and an unnecessary amount of methy] oleate is lost. In one of 
the procedures described, 350 g of autoxidized methyl oleate containing 15-2% 
peroxides was added to the stirred boiling solution of 1500 g urea in 3 litres of 
methanol. Without further heating, stirring was continued and the precipitate 
filtered at room temperature. The peroxides were isolated from the filtrate as 
44 g of a pale yeliow oil containing 83% peroxides. Recoveries of 60-75% of the 
initial peroxides in 80-90°% concentrations are thus reproducible. The methyl 
oleate precipitated by urea is essentially free of peroxides and can be re-used 
after distillation. It was impossible to obtain the peroxides in a purity above 
90%. As shown in other investigations by SweRN and co-workers, 9.10-dihy- 
droxystearic acid, m.p. 131°, does not form an adduct with urea, although it may 
be “trailed in” by adduct formers.’ Experiments using higher autoxidized 
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Fig. lla. Oleic acid. Fig. 11. 9,10-dihydroxystearic acid, m.p.-131°. The straight molecule 

and the regular zigzag constellation are re-established after cis-hydroxylation in turning the 

C,-C, portion by 180°. The hydroxy groups are in the widest possible distance and the mole- 
cule is slightly turned to bring this diameter into the plane of projection. 
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Urea Addition as an Aid in Determining Structures 


methy! oleate suggest that this is one of the contaminants present in the con- 
centrate which escape precipitation even when the urea treatment is repeated. 
The method proved to be useful also in concentrating peroxides of methyl 
elaidate, linoleate and linolenate. It must be mentioned that CaTrRavas and 
Kwnaro found urea not to be selective in the fractionation of linseed vil fatty 
acids when autoxidized at 100°.“ Methyl oleate and linoleate, when autoxidized 
below 30° in ultraviolet light gave results which conform better with the above 
findings.“¢®) Similar experiments have been carried out with autoxidized 
acids of castor oil.‘¢») 

In Table 10 an attempt has been made to compile the applications of the urea 
reactions reported for natural mixtures of fatty acids. 


Table 10. Natural mixtures treated with urea 


Purpose of treatment 


Castoroil . . ‘ .| Preparation of methy] ricinoleate'* segregation of autoxi- 
dation products‘*”? 
Segregation of saturated and unsaturated‘# 


Chinese tallow 


Corn oil .| Segregation of saturated and unsaturated.'*), (#9), 40) Pre. 
paration of methy] linoleate® 

Gourd seed oil_ -| Segregation of saturated and unsaturated!) 

Linseed oil . Segregation of saturated and unsaturated *??, (28), (40), (52) 


Olive ol ‘ -| Segregation of saturated and unsaturated'*®), Preparation 
of methy] oleate,'*® of oleic acid'*) 
Parsley seed oi] . ‘ .| Preparation of hexadecencic acid‘?* 


- Perillaoil . .| Segregation of saturated and unsaturated's? 
Rape seed oil ‘ Preparation of erucic acid'®). 
_ Rice oil .| Segregation of saturated and unsaturated'*?, (#6) 
* Soybean oil .| Segregation of saturated and unsaturated'**), stabilization, 
segregation according to peroxide value'**). 
Sunflower oil ‘ .| Preperation of linoleic acid dihydrobromide'™* 
‘as Fat cf Fusarium lini Bolley .| Isolation of stearic acid‘? 
Cod liver oil Enrichment of highest unsaturates,‘*”) deacidificatiou"*”” 
Herring oil . ‘ .| Enrichment of highest unsaturates‘*?) 
Menhaden oil -| Enrichment of highest unsaturates'‘??) 
Pollack liver oil . -| Enrichment of highest unsaturates‘*”? 
Salmon oil .| Enrichment of highest unsaturates‘*”’ 
Sherk liveroil_ . -| Enrichment of highest unsa‘urates‘*”) 
Sardine oil . .| Deacidification"’ 
Sperm oil . Isolation of wax esters?» 
Wool wax . Characterization of acid fraction,“*) isolation of wax 


alcohols'*# 


Urea ADDITION AS AN AID IN DETERMINING STRUCTURES 


In the theoretical section it has been pointed out that adduct formation is 
conditionally related to the diameter of the reacting compound. For a rather 
large group of structures one cannot safely predict whether they will be taken 
up by hexagonal urea. Several interesting attempts, however, have been made 
to use urea as a test reagent for deciding between alternative structures. 
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Urea Inclusion Compounds of Fatty Acids 


It is generally accepted that hydroxylation of double bonds with alkaline 
potassium permanganate results in cis addition.» “*, (57 This result has also 
been assumed for the oxidation of oleic acid which yields a 9,10-dihydrox¥- 
stearic acid, m.p. 131°, and for the same oxidation of elaidic acid, yielding an 
isomeric 9,10-dihydroxystearic acid, m.p. 96°. The relations are reverse when 
the two isomers are prepared via the epoxides of oleic and elaidic acid by oxida- 
tion with organic per-acids and subsequent hydrolysis of the oxirane ring. 
Reactions implying chlorohydroxystearic acids as an intermediate render the 
picture still more complex.‘* It was desirable to find further-support for the 
above surmise of normal permanganate oxidation of oleic and elaidic acid. 

SwERN, WITNAUER, and KyicutT calculated the diameters of the two, 9,10- 
dihydroxystearic acids which would result from cis addition, under the assump- 
tion that the normal zigzag structure for both hydroxylated acids is main- - 
tained.“ Figs. 11 and 12 show the positions which the hydroxy groups 
probably occupy. The diameter is approximately 6-0 A for the glyco) m.p. 131°, 
originating from the cis double bond (oleic acid); for the glycol m.p. 95°, 
originating from the trans double bond (elaidic acid) they find 5-4 A (PavLINe’s 
values’) have been used). The two diameters, 5-4 and 6-0 A, are close to the 
limit capacity of the lumen in hexagonal urea and their difference should be 
reflected in the urea reaction. In the tests 5 g of acid and 25 g of urea were 
dissolved in 100 ml of methanol. From 9,10-dihydroxystearic acid, m.p. 95°, 
a urea compound was obtained in good yield, whereas the isomer, m.p. 131°, 
crystallized without urea at room temperature. When a 1:1 mixture of the 
acids was reacted the urea precipitate contained the isomers in a ratio 3: 1. 
Both methyl esters formed urea compounds, a result which the authors attribute 
partly to the different status of hydrogen bonding in free and esterified carboxy 
groups, and partly to the increase in chain length. The temperatures of dissocia- 
tion can be taken as a relative measure of stability. The ester offering greater 
obstruction to inclusion, that derived from oleic acid, dissociates at 114° and the 
adduct of the isomer has 4 dissociation point of 120°. All these observations 
strongly support the initial assumption that the permanganate oxidation of the 
octadecenoic acids proceeds as the usual cts addition. 

Two formulas are discussed in the recent litereture for phellonic acid, one of 
the constituents of the acids found in cork. The alternatives are either the 
structure of 22-hydroxydocosanoic acid" or of 22-hydroxytetracosanoic acid.‘”) 
Rreas and CurBeERa found that the acid, as well as the acetylated acid, easily 
reacts with urea. This result is ambiguous since TRuTER® found that an ethyl 
side chain can be included. The authors postulate phellonic acid to be 22- 
hydroxybehenic acid.) The same authors prepared urea compounds from 
several other cork acids and report abnormal composition for the adducts of 
phloionic (9,10-dihydroxyoctadecanedioic) acid and phloionolie (9,10,18-trihy- 
droxyoctadecanoic) acid.“") The weight ratios of urea: acid are 0-2: 1 and 
0-24: 1 in these compounds instead of the normal value close to 3:1. They 
obviously do not belong to the group of inclusion compounds discussed here. 

In studying triple bond fatty acids MEaDE isolated bolekic acid from boleko 
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Fig. 12a. Elaidic acid. Fig. 12b. 9.10-Dihydrexystearic acid, m.p. 95°. The straight mole- 
cule and the regularity are maintzined by a slight turn of the C,-C, portion. 
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Fig. 13. The unsaturated portion of bolekie acid. The conjugation of a cis double bond with 
acetylene bonds causes great irregulamty in the molecule. 
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oil. This C,, acid contains an ethylene bond apparentiy in conjugation with two 
~ acetylenic bonds, the exact position of the established fragment 


—C=C—C=C—C=C— 


not being known as yet. In the test with urea, bolekic acid does not form an 

adduct.'*5) Particularly a cis double bond, conjugated with triple bonds as 

MEADE suggests for the structure, will inhibit inclusion of the molecule (Fig. 13). 
Since nothing has been reported so far on the addition of acetylene compounds 
to urea, the influence of the triple bonds on the reaction cannot be evaluated. 

Although the reaction of urea with fatty acids has been studied extensively 
only in the last few years, one may well afirm that the fundamentals are estab- 
lished. Although the preparative use of urea is very recent in comparison with 
the standard procedures as distillation or low temperature crystallization, the 
new method is already recognized as an important tool. For industrial applica- 
tions only a partial] replacement of former methods may be expected. Informa- 
tion on this is rather scarce. Some of the findings are challenging for such 
development in spite of the obvious difficulties for industrial use of the urea 
reaction. In research laboratories concerned with special problems of fatty 
acid chemistry, urea is being widely used and its application is certain to be 
extended. 

Finally, it must be mentioned that urea is not the only substance which forms 
inclusion compounds with fatty acids or their derivatives. The choleic acids, 
adducts of desoxycholic acid and fatty acids‘*®), ®) were among the first purely 
organic compounds which are now recoynized as belonging to the class of 

- inclusion compounds.%), 94, (4) Recently FREUDENBERG and CRAMER found 
that cycloglucosanes form adducts, particularly with lipophilic substances.‘®, 
With urea the principles governing inclusion compound formation have been 
laid down and most likely the urea adducts will be the model for further types 
to be discovered. 
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INFRARED ABSORPTION SPECTROSCOPY 
IN FATS AND OILS 


D. H. Wheeler 


INTRODUCTION 


Tue infrared region is shown in its relationship to the general electromagnetic 
spectrum in Fig. 1. The ultraviolet, visible and infrared regions are those which 
have been developed most extensively for qualitative and quantitative analysis 
in organic chemistry by the use of absorption spectroscopy, the measurement of 
wavelengths at which compounds absorb electromagnetic radiations. 

The ultraviolet and visible absorption of compounds is largely related to the 
frequencies of oscillation of the outer electrons of their atoms. This field of 
absorption spectroscopy has been extensively developed over a number of years. 
It is particularly useful in studying compounds containing unsaturated groups 
where the electron frequencies correspond to visible and ultraviolet wavelengths 
which can be most conveniently measured. Whereas non-conjugated carbon to 
carbon double bonds absorb in the extreme or vacuum ultraviolet (below 
2000 A), conjugated double bond systems absor) at wavelengths above 2000 A, 
in the range where readily available instruments can measure absorption. The 
use of ultraviolet absorption for detecting and determining conjugation in fats 
and oils is well established. 

The infrared absorption of compounds is largely associated with the frequency 
of vibration of the atoms in the molecules (near infrared) and the frequency of 
molecular rotation (far infrared). Infrared absorption spectroscopy is a field of 
relatively recent and rapid development. It is valuable for studying structures 
and for characterizing a wide variety of compounds. It promises to become 
more useful as correlations are further developed between specific structures and 
the wavelengths and nature of the corresponding absorption bands. 

Microwave absorption of compounds is largely associated with molecular 
rotation frequencies. This is a very new and relatively unexplored field which 
may prove quite valuable as methods of measurement are developed. 

While the infrared portion of the spectrum includes the region from about 
0-75 to 1000, the section from 2-5 to 15u has been the most thoroughly studied. 
This is largely because of fewer limitations in sources of radiation and prism 
materials, which has permitted the construction of satisfactory spectrophoto- 
meters covering this range. The present discussion will be confined to this 
commonly used region. Fortunately, this section from 2-5 to 15 is perhaps the 
most valuable part of the infrared spectrum, since it covers most of the region of 
fundamental molecular or interatomic vibrations (2-5 to 25y). 
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Introduction 


These interatomic vibrations occur with frequencies which are affected by the 
masses of the atoms and the strength of the bonds between them just as the 
frequency of vibration of a weight suspended on a coil spring will depend on the 
mass of the weight and the stiffness of the spring. Ifa certain interatomic bond, 
such as C—H, causes definite frequencies of interatomic bending or stretching, 
one may expect absorption of infrared radiation at wavelength corresponding 
to these frequencies of vibration. These frequencies have been calculated from 
theoretical considerations for certain molecules (mostly simple or symmetrical), 


THE ELECTROMAGNETIC SPECTRUM 


LENGTH | WAVE NUMBER | FREQUENCY TYPE OF RADIATION 


em”! HARD X-RAYS AND CAMMA RAYS 
BELOW 10%cm 
10° 


SOFT X-RaYS 
10 2x10~cm 
110202 


EXTREME ULTRAVIOLET OR 
VATUUM ULTRAVIOLET 
2x10 TO 2x10 
20 10 2,000 & 


ULTRAVIOLET 2,000 3,000 


= NEAR ULTRAVIOLET 3,000 TO 4,600 2 
4 VISIBLE 4,000 10 7,500 


NEAR INFRARED 7,800 10 250,0002 


COMMONLY USED INFRARED 
TO 


FAR INFRARED 
28 10 L000" 


MICRO WAVES. RADAR. RADIO WAVES 
BEYOND 


and the observed frequencies or wavelengths of absorption have agreed well with 
the calculated values. However, most of the assignments of wavelengths of 
absorption bands to specific interatomic bonds or structures has been made by 
the empirical method of comparing the infrared spectra of a sufficient number of 
compounds having a certain structure in common. By this procedure, many 
types of chemical bonds have been characterized by definite wavelengths or 
regions of infrared absorption. Adjacent structures may afiect the intensity and 
wavelength of their infrared bands. The effect of such interactions is becoming 
better known as more compounds are studied in detail. 

In addition to the absorption bands which can be assigned with some cer- 
tainty to definite bond structures, many other bands are usually observed which 
are characteristic of the whole molecule, perhaps because of interactions not 
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Infrared Absorption Spectroscopy in Fats and Oils 


known at present, or because of overtones (multiples of fundamental frequencies) 
or combination bands (sums or differences of fundamentals). The whole 
spectrum of these bands is so characteristic of over-all chemical structure that 
the infrared absorption spectrum of a compound is a highly characteristic 
property, and permits determination of identity or non-identity of materials 
when other methods may fail. It has been called the “fingerprint” of the 


molecule. 


Units of measurement 
The micron, yu, is the commonly used unit of wavelength in infrared measure- 
ments. For uniformity, it will be used throughout. 


1 micron = 10-‘ cm = 10-? mm = 10,000 A = 1000 mu 


Frequencies are also often used to measure infrared bands. Frequency is a 
more fundamental unit, in that it is independent of the medium; and theoretical 
calculations of vibrations related to infrared absorption are directly calculated 
as frequencies, rather than wavelengths. Frequencies are usually expressed as 
reciprocal centimetres, cm~! or wave number, which is the number of waves per 
centimetre of path in vacuum. 


10,000 


Frequency, em! = 


Frequency as vibrations per second is sometimes used: 


velocity of light 


Frequency, sec.—! = 


-wavelength 


Instruments 


The essential parts of an infrared spectrometer are: (1) A source of infrared 
radiation such as an incandescent filament of rare earth oxides (Nernst Glower), 
or of carborundum (Globar). (2) An optical dispersion system to disperse the 
radiation enough so that bands of very narrow wavelength can be isolated by a 
narrow slit. Prisms made of sodium chloride, lithium fluoride, potassium bro- 
mide and calcium fluoride are used. Rock salt prisms are the most commonly 
used, since they are quite transparent from 2-5 to l5yu, and give sufticient dis- 
persion for many purposes. Below 5u, rock salt gives rather poor dispersion. 
Therefore, prisms made from lithium fluoride or calcium fluoride are more 
suitable if high resolution is desired below 5. Gratings are used less frequently. 
(3) A sensitive means of detecting, amplifying and measuring the intensity of the 
narrow band of radiation which falls on the slit. A thermocouple or a holometer 
may be used as detector. In order to be able to amplify the smali direct current 
voltage generated by the detector, it may be converted to a pulsating or alter- 
nating current by a rotating sector in the optical path, or by a commutator in 
the electrical circuit. The pulsating current may be amplified by vacuum tube 
amplifiers and measured or recorded. (4) A means of placing the sample in the 
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General Correlations of Structures and Absorption 


path of the radiation. A cell containing the sample is usually placed between 
the source and the optical system. Cell windows are commonly mace of polished 
rock salt, since it is sufficiently transparent in the 2-5 to liu range. Cells are 
usually 10 to 30 cm long for gases, and 0-01 to 1 em for liquids. Solids may be 
examined in solution, as a thin sheet or piate, or as a fine suspension (“mull,” 
frequently in Nujol or a perfluorinated hydrocarbon to give transparency in 
the C—H region). 

Complete infrared spectrophotometers are available from National Technical 
Laboratories (Beckman), Perkin-Elmer Corp., Baird Associates, Unicam Instru- 
ments, Hilger, and Sir Howard Grub, Parsons and Co. The more advanced 
models from each of these concerns are equipped with automatic record- 
ing devices which record per cent transmission directly against a standard 
chosen as 100% transmission (empty cell, cell window plate, air, or cell filled 
with solvent if solution is used). Such an instrument saves much labour and 
time compared to manual instruments, where successive values must be read 
individually, calculated and plotted to obtain a complete infrared curve. The 
double beam instruments (Baird and Perkin-Elmer) use a reference beam which 
is balaneed against the beam passed through the sample so as to read per cent 
transmission directly on an indicating and recording instrument. A single beam 
instrument (Beckman) records the signal from the 100% standard on a mag- 
netic wire or tape, and then feeds this signal back into the machine during the 
actual run on the sample so as to give direct per cent transmission readings on 
the recording instrument. 


GENERAL CORRELATIONS OF STRUCTURES AND ABSORPTION ~ 


Any general discussion of correlation of structures with absorption bands must 
be made with considerable caution, realizing that many such correlations are 
empirical. Some are hased on a large number of compounds and are weil 
established. Others arc based on more limited or less certain data, and are 
tentative or speculative. 

Some of the more iraportant assignments of wavelength related to the struc- 
ture of fatty acids and their derivatives will be discussed. 


Carbon-hydrogen bonds 
C—H stretching bands of —CH,— occur at 3-42u and 3-5lu. These two bands 
are quite strong in fatty acids and derivatives because of the large number of 
CH, groups present. 

C—H stretching bands of —CH, occur at 3-38u and 3-48. In fatty acids and 
esters, these bands are relatively weak, and require good resolution to detect 
them in the presence of the stronger adjacent —CH,—-bands. 

A band at 3-3lyu is due to C—H stretching associated with the C=C double 
bond. This has been assigned to the C—H bond of the double bonded carbon by 
some workers") while others assign it to the C—H bond of a methylene adjacent 
to a double bond.'*) This band is usually not readily observed with the rock 
salt prism because of its proximity to the strong CH, bands at 3-42 and 3-5lu. 
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Infrared Absorption Spectroscopy in Fats and Oils 


Methylene groups also show bands at 6-84u (bending) and 13-90y (rocking). 
Several groups between 6-85 and 7-15y have been ascribed to —CH,— bending 
frequencies in fatty acids.? 

The C—H stretching band of aldehydes occurs at 3-6 to 3-7. 

The C—H stretching band of terminal acetylenes occurs at about 3-Ou. 

The C—H bending band of non-conjugated trans double bonds occurs at 
10-3u. This is a strong band, valuable in studying cis-trans isomerism of un- 
saturated acids. Non-conjugated cis double bonds absorb at about l4yu, but this 
band is obscured by a band due to multiple CH, groups in fatty acids and esters. 

The C—H bending band of trans, trans conjugated dienes occurs at 10-12u, 
while cis, trans conjugated dienes show a doublet at 10-18 and 10-54y. 
Terminal double bonds show bands at about 10-0 and 11-0u. 


Carbonyl frequencies, C=O stretching bands 
These bands are usually quite strong. The various types of C=O groupings fall 
in the general range from 5-5 to 6-5u. The wavelengths listed below are subject 
to some variations in different structures. Conjugation usually shifts the bands 
to longer wavelengths by 0-05 to 0-01. 


C=O band wave- 
length u 


Acid . 5-85 


Anhydride -| 5-48 and 5-63 
Amide, unsubs. °. 5-9 
Amide, monosubs. ‘ 5-9 
Amide, disubs. . 6-0 


Ketones . 


Carbon-carbon double bond stretching 
The C=C stretching band occurs at 6-03u. It is a rather weak band, and is 
obscured by its proximity to the strong acid or ester C=O. When the double 
bond is near the middle of the chain, as in oleic and elaidic acids, it is absent 
from the trans isomer, due to symmetry. 


Carbon-oxygen bonds 
Bands at 8-0, 8-4, and 8-54 have Leen ascribed to ester C—O stretching in 
methyl esters. 

Hydroxyl bending absorption occurs at 9-5 in the fatty alcohols. 

The oxirane or epoxy structure shows bands at 11] and 12u for termina! 
groups. Epoxides made from cis mono-unsaturated fatty acid compounds show 
a band at about 11-94, while those made from the trans isomers show at about 
11-3u. 
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Oxygen-hydrogen bonds 
Free O—H stretching band occurs at 2-7 to 2-8u, whereas associated O—H— 
stretching shows at 3-0 to 3-3u. The hydroperoxide group shows a very similar 
band. The OH group of free acid COOH is fairly broad and weak, compared to 
the strong, sharp methylene bands at 3-4 and 3-5y, and is not easily observed in 
fatty acids. 


C=N of Nitriles 
The C=N stretching band is a weak but sharp band occurring at 4-45. 

A general chart of correlations of structure with wavelength is shown in 
Fig. 2. Various texts also give tables of such correlations.‘ ‘#, (5), (6) 


RECENT APPLICATIONS OF INFRARED TO Fats, Fatry AcIDS AND 
DERIVATIVES 


Saturated and mono-unsaturated fatiy acids and esters 


SHREVE, HeeTHER, Knicut, and Swern” reported infrared absorption of a 
number of saturated and mono-unsaturated fatty acids, methyl esters, tri- 
glycerides and alcohols. Bands common to all the compounds were: 

1. A band near 3-4u, due to C—H stretching (plus bonded O—H——O in 
the acids). 

2. A singlet at 6-9u or doublet at 6-9 and 7-0u due to C—H bending. 

3. A band at 7-2-7-4u due te CH, (absent in undecylenic acid). 

4. A band near 13-9 due to chain of 4 or more CH, (plus cis C=C bending in 
cis-unsaturated acids). 

The fatty acids showed a band at 3-7u which was due to bonded OH——-O 
which fused with the 3-4u band due to C—H stretching. They also showed a 
broad band at 10-7 due to vibration of the OH of the COOH group, a doublet 
at 7-8 and 8-Ou due to C—O— vibration of the COOH group, and a band at 
5-85u due to C=O stretching of the COOH group. 

The methy] esters did not show the —OH bands at 3-7 or 10-7 found in the 
acids. The C=O stretching band occurred at 5-75y, and a triplet at 8-0, 8-3, 
and 8-5u was-observed for the C—O— vibrations. 

The triglycerides showed the same C=O frequency 5-73u as the methyl 
esters. The C—O— bands were at 8-Gyu (stronger) and at 8 and 9yu (weaker). 

The alcohols showed a band at 9-5u due to —OH bending, and a band at 
2-94 due to O—E stretching (2-7, in solution). 

Trans mono-unsaturated compounds showed the band at 10-36 due to 
=C—H out of plane vibration. Cis-mono-unsaturated compounds contributed 
to the 13-9u band due to chain of four CH,’s. Terminal unsaturation (unde- 
cylenic) showed bands at 10-0 and 11-0. A band at 6u due to cis C=C was barely 
observable on the side of the C=O band av 5-75-5-85u. 

O’Coxnor, FreLp, and SrxcLeron'®) reported infrared spectra of the even 
carbon saturated acids and their methyl and ethy] esters from C, to Cy,. They 
reported extinction coefficients at the significant wavelengths at various 
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concentrations. They observed that a band at 9-6u distinguished cthy]l esters 
from methyl esters. 


Detection and determination of isolated trans double bonds 


McCurcHeon, CRAWFORD, and WEtcH") examined the infrared and Raman 
spectra of the ethyl esters of oleic, elaidic, linoleic, linolelaidic, and linolenic 
acids. Theoretical considerations lead to the expectation that the cis double 
bond should absorb strongly at 6-Ou, but that the trans double bond shouid not. 
They reported the ratio of transmission of these compounds to that of ethyl 
stearate from 5 to 6-8u. The use of ethyl stearate ‘“‘blank’”’ was apparently to 
cancel out the strong ester C=O band in this region. The elaidate and linolelai- 
date showed very little absorption, while the oleate, linoleate, and linolenate 
showed strong bands at 6-Ou. Thus, the elaidinized acids were considered to be 
trans, and the natural acids cis. Raman spectra data were in agreement with 
these assignments. Because of the difficulty of working in the 6-0u region due to 
ester or acid C=O absorption in this region, this method of studying cis-trans 
isomers has not been further develcped, but a method based on absorption by 
trans double bonds at 10-3u has been extensively studied. 

Isolated (non-conjugated) trans double bonds have a sharp and strong absorp-. 
tion band at about 10-3u, whereas isolated cis double bonds do not absorb in 
this region. Absorption at this wavelength is, therefore, quite valuable in 
qualitative and quantitative determination of cts, ‘rans structure in unsaturated 
acids. 

Swern, KnicuTt, SHREVE, an¢d HEETHER" developed a method for deter- 
mination of trans octadecenoic acids and related compounds, based on quanti- 
tative. measurement of absorption at 10-36. Extinction coefficients were 
reported for the free acids, methy] esters, triglycerides and derived alcohols of a 
number of saturated and cis mono-olefinic acids, as well as the trans isomers. 
The same authors compared the infrared method with the lead salt alcohol 
method of determining irans octadecenoic acids in mixtures with cis isomers and 
saturated acids. The infrared method was more rapid, specific and accurate. 
It couid be used on esters, oils, or the.related alcohols without converting to the 
acid. They noted that an oleic acid, from which the poly-unsaturates had been 
removed by thermal polymerization, contained 40-45% trans acids. An oleic 
acid prepared from selectively hydrogenated tallow contained 25% trans acids, 
whereas an oleic acid prepared from red oil by distillation and crystallization 
contained about 4%. 

JACKSON and CaLLEN"” also compared the lead salt-alcohol with the infrared 
method and confirmed the greater accuracy and convenience of the infrared 
method. They also observed that hydrogenated oils contained from 7-5 to 45% 
of trans or “‘iso-oleic’”’ acids. 

Rao and DavBert”) prepared pure vaccenic acid (trans 11-octadecenoic 
acid) from beef tallow and compared it with oleie and elaidic acids by infrared. 
The vaccenic acid and the elaidic acid both showed a strong band at 10-254 
which was absent from the oleic acid spectrum. This confirmed the trans 
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configuration of vaccenic acid which is apparently the oniy known naturally 
occurring non-conjugated trans fatty acid. 

AxMaD, and Stronc"™®) synthesized cis and trans 11-octadecenoic 
acids. The cis acid was synthesized by selective reduction of the corresponding 
acetylenic acid. The cis acid was converted to the higher melting trans acid by 
heating with selenium. The trans acid was shown to be trans, and identical with 
Rao and DavBERT’s vaccenic acid from beef tallow, by infrared curves. and by 
mixed melting points. 

Lemon and Cross" partially hydrogenated linseed oil, converted to methyl 
esters, and isolated an isolinoleate by chromatography. It was shown to contain 
a trans double bond by infrared absorption at 10-3y. 

Wo.tTemaTE and DavBertT"5) followed the hydrogenation of methyl £-eleo- 
stearate by infrared. The principal changes were the disappearance of the 10-Ou 
band due to the conjugated triene system, and the appearance of a band at 
10-3u due to trans 11-octadecenoic acid (vaccenic acid) which they isolated from 
the partially reduced ester. They also followed the development of conjugated 
diene by ultraviolet absorption, and of 1,4-diene by alkali conjugation. Appre- 
ciable conjugated diene was formed, but only minor amounts of 1,4-diene. 
Since the principal mono-unsaturated acid formed was 11-octadecenoic acid, it 
was concluded that the hydrogenation was fairly selective in that 1,6 addition 
occurred, followed by 1,4 addition. It was non-selective in that it was not 
stepwise. They commented on the absence of a 10-3u band in the original 
eleostearate which they expected in view of the fact that f-eleostearate was 
reported to be trans. This expectation is in error, since the 10-3 band is charac- 
teristic of isolated, but not of conjugated trans double bonds. 

Freuce, Perper, O’Connor, and followed the development of trans 
isomers during the hyd.ogenation of methy] oleate and triolein. They reported 
molecvlar extinction coefficients for the methyl and glyceryl esters of oleic, 
elaidic and stearic acids. As much as 38% trans isomer was formed while the 
first 10°’ of stearate was formed. Maximum per cent trans was 40-48% when 
20-30% of methyl] stearate was formed. The per cent ‘rans was increased by 
increased temperature, increased catalyst concentration, and decreased degree 
of dispersion of the hydrogen. Equilibrium between cis and trans forms always 
resulted, with 67% of the total unsaturated content in the trans form. 

REBELLO and DavuBertT"!”) studied the isolinoleate formed by partial hydro- 
genation of normal linolenate. They separated it by low temperature cryst4lliza- 
tion and showed by infrared that it contained at least one trans double bond and 
that it was a mixture of at least three isomers with the double bonds at the 
8,14, the 9,15, and the 10,14 positions. 

Kuan, DEATHERAGE, and Brown"®) used infrared to demonstrate the absence 
of trans double bonds in a synthetic methyl] 9,10-dideutero-oleate, and they 
observed a band at 4-48u due to the C—D bond. The compound was synthesized 
by catalytic addition of D, to stearolic ester. 

Max and DeaTHERAGE™® used infrared to confirm the CD, structure (doublet 
at 4-64 and 4-S4) in a synthetic 8,8,11,11-tetradeutero-cis-9-octadecene. Their 
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curves also demonstrated the absence of trans double bonds. The compound 
was synthesized by catalytic hydrogenation of the corresponding tetradeutero- 
acetylenic compound. ° 

PascHkKE, JACKSON, and WHEELER™) used infrared in a study of the thermal 
polymerization of isomers of methyl linoleate. Debromination linoleate was 
shown to contain a small amount of trans isomer. A methyl cis-9, trans-12 
linoleate isomer was isolated by crystallization of the non-conjugated esters of 
dehydrated castor oil acids. Its absorption at 10-324 was very nearly the same 
as methyl elaidate and very nearly half that of methy] linolelaidate. They also 
showed that trans isomers were formed rather rapidly from the cis, cis linoleate 
at bodying temperatures, since the recovered monomers showed a fairly strong 
bond at 10-324. The dimers all showed a moderate bond at 10-32, indicating an 
isolated trans double bond. 

Knicut, Eppy, and Swern‘) used infrared to demonstrate that trans double 
bonds were formed during the autoxidation of methyl oleate in the presence of 
ultraviolet light. The increase in absorption at 10-31 in relation to the peroxide 
vaiue indicated that the molal concentration of trans material was 90% of the 
molal concentration of peroxide oxygen, up to abeut 20% oxidation (to mono- 
peroxide). This suggested that most of the peroxides formed are peroxides of 
trans isomers of octadecenoates. 


Conjugated cis, trans isomers 


JACKSON, PASCHKE, TOLBERG, Boyp, and WHEELER'” reported infrared studies 
on conjugated and non-conjugated isomers of methy] linoleate in the region of 
10-11 of olefinic C—H bonding. They showed that the small amount of trans 
isomer present in debromination linoleate could be removed by crystallization. 
They observed a weak band at 10-95 in non-conjugated cis, cis linoleate which 
was not present in the other isomers. They found a single very strong band at 
i0-12u characteristic of conjugated trans, trans linoleate. Conjugated cis, trans 
linoleate showed a doublet with a strong band at 10-184 and a somewhat 
weaker band at 10-52u. 

PasScHKE, TOLBERG, and WHEELER'**) used mfrared in a study of the cis, 
trans isomers of the eleostearates. f-eleostearate was shown to be érans-9, 
trans-11, trans-13 octadecatrienoate, based on physical properties and reactivity 
as a diene in the Diels-Alder reaction. The f-isomer showed a single very strong 
band at 10-07u in the 10-11, region, similar to the single strong band at 10-12 
of conjugated trans, trans linoleate. The maleic anhydride adduct showed an 
isolated trans dovble bond (band at 10-32) confirming the all-trans structure of 
B-eleostearate. 

a-Eleostearate was shown to have the cis-9, trans-11, trans-13 structure, based 
on the positional structure of the maleic anhydride adduct (addition across the 
11,13 double bond pair) and the fact that the maleic anhydride adduct did not 
show an exocyclic trans double bond. The a-isomer had a doublet with a very 
strong band at 10-09 and a weaker band at 10-27, analogous to the doublet of 
conjugated cis, trans linoleate at 10-12 and 10-54. Pseudo-eleostearate (10,12,14 
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isomer) was like the £-isomer in having a single very strong band at 10-07 and 
was, therefore, considered to have the all-trans structure. «- and -licanic acids 
(4 keto 9,11,13-octadecatrienoic) were considered to have the same cis, trans 
configuration as the £- and «-eleostearates, by analogy of their maleic anhydride 
acducts, but were not examined by infrared. Punicic acid is a cis, trans isomer 
of the a- and f-eleostearate (9,11,13-double boads) occurring in pomegranate 
seed oil. Fts non-identity with a- or f-eleostearate was confirmed by observation 
of a doublet at 10-08 and 10-61, in the spectrum of pomegranate seed oil. 

Von Mixvscu"*) reported the isolation from dehydrated castor fatty acids of 
an 8,10-conjugated linoleate which was assigned the trans, trans configuration on 
the basis of its reactivity with maleic anhydride and of its melting point. The 
trans, trans structure was confirmed by infrared spectrum on a sample of 
the same isomeric acid ester furnished by Von Mikuscn to WHEELER and 

Privett, LUNDBERG, KHAN, TOLBERG, and WHEELER'® used infrared to 
determine the cis, trans configuration of the conjugated hydroperoxide formed 
from normal methyl ‘linoleate in the early stages {10% peroxide formation) at 
0° and at 24°. The peroxide formed at 0° was quantitatively separated from 
unoxidized linoleate by liquid-liquid extraction (heptane-90% methanol). The 
theoretical reroxide content and other analyses indicated it to be a rather pure 
monchydroperoxide. Infrared absorption showed bands at 10-18 and 10-52u 
identical in shape and intensity to the same bands found in pure cis, trans con- 
jugated (unoxidized) linoleate. These data and the ultraviolet absorption indi- 
cated that the hydroperoxide was at least 90% cis, trans conjugated structure. 
Apparently the double bond which moves to form conjugation during hydro- 
peroxide formation goes to the trans form almost exclusively. The peroxide 
isolated from the sample oxidized at 24° showed a considerable amount of trans, 
trans conjugated isomer along with the cis, trans conjugated isomer. 


Effects of liquid and solid states on infrared spectra of fatty acids and 
related compounds 
Srvcxwatr, McKay and Joxes™ reported on the infrared spectra of saturated 
fatty acids and esters and some related compounds. In solution, the bands were 
broad compared to those observed on solid films or mulls. Qualitatively, they 
were all very similar in solution. The band at 13-94 due to CH, rocking vibra- 
tion (chain of 4 or more CH,’s) increased progressively with chain length. The 
crystalline acids (films or mulls) showed much more structure, particularly in 
the region 7+ to 8-5, where a progression of bands appeared, spaced at fairly 
even intervals of 0-05u, apparently due to CH, wagging and/or twisting. The 
position and intensities of these progressions of bands was affected by the poly- 
morphic crystalline form of the acids. The ester C=O stretching vibration 
occurred at 5-88 to 5-89 in the even carbon acids, but at 5-87 in the odd carbon 
acids (crystalline state). In the esters it was at 5-75yu in both solid state and in 


solution. 
Jones, McKay, and Srnciam'"” further investigated the progression of bands 
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from 7-4 to 8-5u in the infrared spectra of fatty acids and related compounds in 
the solid state (mull or film). In the saturated acids from C,, to C,, there was a 
regular increase in the number of bands in the progressions. There was no 
alteration between acids with odd and even numbers of carbons. Hexadecanol 
and octadecanol showed evidence of two overlapping series of weaker bands. 
Well defined progressions were observed in 1-iodo-octadecane, dioctadecyl thio- 
ether, and dioctadecyl disulphide. In 2-bromostearic acid the bands of the 
progression were clear and sharp, whereas in 9,10,12,13-tetrabromostearic acid 
a number of bands of irregular spacing and intensities were observed, not 
characteristic of a progression. Elaidic acid showed a progression similar to 
shorter chain saturated acids, whereas solid films of oleic, linoleic and linolenic 
acids (at liquid nitrogen temperature) showed a number of bands of irregular 
spacings and intensities. 

The bands in these progressions were believed to be due to wagging and/or 
bending mode of vibration of the C—H bonds of the methylene groups, the 
number of bands increasing with chain length as a consequence of coupling of 
the vibrations of adjacent methylene groups. Polar end groups might affect 
either of these two modes of vibration. The possibility of intermolecular forces 
or a combination of internal vibrations with lattice vibrations was mentioned as 
contributing to these bands. 

Sryctair, McKay, Myers, and Jones‘*® described infrared spectra of a 
number of unsaturated fatty acids, methyl esters and brominated derivatives as 
liquids (or solutions) in comparison with their spectra as solids (low temperature 
fiims or mulls). Absorption specific to the ethylenic bond was observed in three 
regions: (a) at 3-3lu, attributed to C—H stretching vibrations of C=C—H; 
(5) at 6-06 to 6-34, due to C=C stretching vibrations; (c) 10-2 to 14-5u due to 
out-of-piane vibration of C—H of C=C—H. 

The band at 3-31 was absent from stearic acid, but increased in intensity in 
the series oleic, linoleic, linolenic, arachidonic. Bands at 3-43 and 3-5lyu due to 
—CH, vibrations decreased in the same series, and weaker bands at 3-38 and 
3-49 due to the terminal —CH, group did not change much. The absorption at 
3-43 (due to CH, groups) decreased while that at 3-31 (related to unsaturation) 
increased in this series of cis, non-conjugated unsaturated acids. A plot of 
density at 3-43u divided by the density at 3-43u minus that at 3-3lu gave a 
straight line when plotted against number of double bonds. Elaidic acid, how- 
ever, showed the same ratio as palmitic and stearic acid. This relationship is, 
therefore, limited to cis, unsaturated acids, and presumably to the methylene- 
interrupted type of unsaturation which occurs in most natural non-conjugated 
poly-unsaturated acids. 

The weak C=C stretching band at 6-03 was observed on the shoulder of the 
strong acid C=O band at 5-S6u or ester C=O band at 5-75 in liquid films. 
Cooled solid films of the normally liquid unsaturated acids shifted the C=O band 
to 5-95 and completely obscured the C=C band. Methy! elaidate (in solution) 
failed to show the C=C band at 6-C3u, while methyl oleate showed it. Its 
absence in the /rans compound was explained on the basis of symmetry of the 
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trans compound, compared to the cis isomer. This effect might not be true if the 
trans double bond were noc near the centre of the chain. 

In solutions of cis- and trans-2-octadecenoic acids, the C=O band was shifted 
to 5-904 due to conjugation with C=C. The C=C stretching band was greatly 
enhanced in intensity in both the cts and trans isomer, due to conjugation with 
C=O. It occurred at 6-05u in the trans isomer and at 6-08 in the cis isomer, 
compared to its normal position at 6-03. 

H 


| 
The band at 10-30u due to C—H bending of trans —C=C— was observed on 
| 


H 
both elaidic acid and methy] elaidate in solutior and on elaidic acid solid film. 


No bands near 14-5u were observed in the liquid film of oleic acid, as was ex- 
HH 


pected for the C—H of a cis we When the film was solidified a strong 
peak occurred at 14-2u, tentatively assigned to cis-ethylenic hydrogen vibration. 

The trans-2-octadecenoic acids and methy] esters showed a prominent band at 
10-2u while the cis isomer showed a band at 12-lu. It was suggested that these 
were due to ethylenic C—H bending vibrations. 

A strong band at 6-85, present in all of the acids was assigned to unperturbed 
methylene bending vibration. 

A band at 7-10u was ascribed to the bending vibration of a methylene adjacent 
to COOH (absent ‘rom cis- and trans-2-octadecenoic acids). 

In the unsaturated acids, a band at 6-974 was observed which increased in 
intensity with increased unsaturation. It was tentatively assigned to a bending 
vibration of a methylene adjacent to C=C. 

In 2-bromostearic acid the C=O band was shifted to 5-83u (from 5-86 in 
stearic acid). In the other bromo acids the bromine is remote and has no effect 
on C=O frequency. Between 7-4 and 14-3u the polybromo acids related to 
linoleic, linolenic, and arachidonic acid show marked differences from one 
another. Bands between 14 snd 20u were observed and it was suggested that 
they are due to C—Br stretching vibrations. 

Solid films of oleic and lincleic acids showed bands between 13 and 15y of such 
a nature that analysis of mixtures might be possible if a series of standard known 
mixtures were used for comparison. 


Monoglycerides 

Wetca, Burm, Perry, and_Weser™ used infrared, along with other 
methods to characterize monoglycerides which were isolated from bread. They 
also prepared monoglycerides synthetically for comparison. This was essentiaily 
a “‘fingerprint”’ comparison to show identity, but a rather complete assignment 
of observed bands was made. They showed that monoglycerides were formed to 
an appreciable extent when monoglyceride-free fat was used in making the 
bread. 
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Kuurt, WeEtcH, Perry, WEBER, and NassET™) similarly used infra- 
red to characterize the monoglycerides formed from triglycerides in the intes- 
tinal tract of humans. The recovered lipids showed 40-50% of monoglycerides. 


Bydroperoxide groups 
SHREVE, HEETHER, Knicut, and SweRN‘ studied a number of hydroperoxides 
and peroxides intended to serve as reference data for analysis of autoxidation 
products of fats and oils. The hydroperoxides examined (cumene, t-butyl, 
cyclohexene, and tetralin) each showed a band near 2:8 due to O—H stretching 
vibration. They also showed a band at 11-82 to 12-0lu which was ascribed to 
the —OOH group vibrating as a unit, or to vibrations within the group. How- 
ever, a hydroperoxide of methy] oleate failed to show a distinct band near 12u 
as expected. Only a weak, broad band at 11-65 was observed. It did show the 
2-Su band characteristic of O—H stretching. 


Epoxy compounds 
SHREVE, HEETHER, KNIGHT, and SwERN') reported infrared spectra of some 
epoxy compounds also intended to serve as reference data for analysis of autoxi- 
dation products of fats and oils. Epoxy derivatives of terminally unsaturated 
compounds showed two bands, near 11 and 124. Epoxy derivatives of cis mono- 
unsaturated compounds showed a band at 11-8 to 12-0u, while those of the 
trans isomers showed a band at 11-2 to 11-4y. 

Thermal polymerization of 9,10-epoxystearic acid was followed by infrared. 
The epoxy band at 11-8 disappeared, as well as the O—H band of —COOH at 
10-9u. A new band at 2-8u indicated appearance of alcoholic OH groups, and 
increased absorption near 8u indicated increased ester content. These changes 
agreed with the expected reaction of the carbexylic acid group with the epoxy 
group to form hydroxy, acyloxy structures. 


Autozxidation of unsaturated oils 


GaMBLE and Barnetr) examined some drying oil films before and after 
extensive oxidation as films under the influence of ultraviolet light. The un- 
oxidized oils showed bands as follows: 


3-4u: C—H (stretching). 
5-85u: C=O (stretching, ester). 

6-9u C—H (bending). 

8-4u: “oxygen in some form” (C—O—C of ester). 
10-0u: conjugation, in tung oil. 


The oxidized oils showed the following changes. The 3-4u band shifted to 
3-lu. This was attributed to an unresolved combination of the original 3-4u 
C—H band and a band at 2-94 due to OH groups. The 5-8 band of ester C=O 
increased in intensity. The 10-Ou band in tung oil disappeared, showing loss of 
conjugation. They commented on the possibilities of using infrared to study 
pigmented films. 
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Ducax, BEeaDLe, and Henicx™) studied methy] linoleate which had been 
oxidized at 98° with air to various peroxide values up to 940 milliequivalents per 
kilogram (approx. 0-15 mol of hydroperoxide per mole of linoleate). They used 
a lithium fluoride prism and confined their studies to the regions 2-8 to 
3-14 (OH and OCH region) and 5-68 to 5-90u (C=O region). With 
increasing degree of oxidation, bands appeared at 2-88u and at 2:92u. The 
2-88u band appeared first, but the 2-92u band increased more rapidly in later 
stages of oxidation. The 2-8Eu band was assigned to OH groups, since it per- 
sisted after reduction of the —OOH group to —OH, while the 2-924 band was 
assigned to the —OOH group, since it disappeared on reduction. The reduced 
peroxides developed a band at 2-82-2-83u which was ascribed to —OH also. 
The ester C=O absorbed so strongly at 5-73u that it largely masked other C=O 
groups. This effect was overcome by using unoxidized linoleate as a “blank.” 
By this technique, they observed formation of bands at 5-80u, 5-76u, and a weak 
band at 5-70. They suggested that the 5-80u band was due to C=O groups 
conjugated to a double bond, and that the 5 764 band was due to non-conjugated 
C=O. The weaker 5-70 band was suggested as due to aldehydes from scission 
products. They also chromatographed the oxidized linoleate and obtained 
fractions much richer in oxidized materials. 

Horn, BEzMayn, and DavBert used infrared to determine the increase in 
—OH groups during autoxidation of linseed oil. The oil was blown witk air at 
85° for 9:5 hr to a peroxide value of about 400, and sainpled at frequent intervals. 
The samples were analyzed for optical density at 2-9 as an indication of —OH 
concentration. The observed values were corrected for contributions of —OOH 
and —COOH at 2-9u. Methyl oleate hydroperoxide and palmitic acid were used 
as standards for calculating the corrections from the determined peroxide and 
acid values. The cuirected density at 2-9u, attributed to R—OH groups, 
showed an induction period of 6 hr and then increased rapidly. The peroxide 
values showed the same induction period but reached a maximum in 8-5 hr and 
then decreased while the —OH concentration continued to increase. Acid 
content remained fairly low and contributed little to absorption at 2-‘9u. These 
results indicate that —-OH groups are formed simultaneously with —OOH 
groups under these conditions of oxidation. The possible usefulness of absorp- 
tion measurements at 2-9u is suggested as a rapid means of determining the end 
of the induction period. From their data, an estimation of actual —OH concen- 
tration formed during the oxidation would correspond to the formation of an 
—OH group on about 25% of the fatty acid groups present, in the final 9-5 hr 
sample. 

Kronsterx®® reported some infrared curves on various drying oiis, and 
various gelled oils and separated solid gel portions. The spectra were limited to 
the 9 to lly region. No attempt was made to assign infrared bands to any 
chemical structures. 

ADAMS, AUXIER, and Witson”) studied the changes in infrared spectra from 
2-5 to 3-7u of films of synthetic drying oils. Films (0-0015 in. thick) of the 
dipentaerythritol esters of oleic, linoleic and linolenic acids were spread on a 
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rock salt slab and were examined after various periods of air-drying. Methyl 

oleate hydroperoxide and dipentaerythritcl stearate were also examined for 

comparison. The C—H stretching bands at 3-40u and ca. 3-49u were resolved 

in all the compounds (except the stearate, which was done in Nujol mull). In 

the unsaturated esters, before oxidation, a band at 3-27u was observed which 

did not show in the stearate or in oleate hydroperoxide. This band increased in 

intensity from oleate to linoleate to linolenate. It was attributed to a C—H 

bond frequency peculiar to a carbon adjacent to a double bond (i.e., “active 

methylenes”). As oxidation proceeded, this 3-274 band gradually disappeared. 

Concurrent with its disappearance, a band at 2-78 to 2-82u appeared with in- 

creasing intensity. This was ascribed to —OOH formation. The rate of loss of 
the 3-274 band and the rate of increase of the 2-8u band increased in the order 

oleate, lincleate, linolenate. The results were considered in accord with 
FaRMER’S oxidation mechanism involving formation of hydroperoxide on 

the carbon adjacent to a double bond. Unfortunately analyses were not 

made for —OOH by chemical means, so it is difficult to estimate how much of 
the absorption at ca. 2:80u was due to —OOH and how much to —OH 

groups. 

Lemon, KirsBy, and Knapp‘®) studied the autoxidation of methyl esters of 
peanut oil fatty acids at 22°, 40°, 60°, 80°, and 100°, and with added iron 
stearate catalyst at 22°, 60°, and 100°. In the —OH region, a band at 2-924 was 
ascribed to —OOH, being approximately proportional to —OOH determined 
chemically, and appearing first during oxidation. Subsequently, bands appeared 
at 2-90, 2-86, and. 2-84 ascribed to OH compounds formed by peroxide break- 
down. The absorbing compounds could be concentrated (as residue) by high- 
vacuum distillation, or by counter current extraction. In the C=O region, the 
ester C=O at 5-75 was eliminated in the spectra of oxidized samples by using 
unoxidized ester as reference. The following bands were formed as oxidation 
progressed: (1) a band at 5-815 which appeared first and progressively in- 
creased (possibly due to C=O conjugated with C=C); (2) a band at 5-85u 
which appeared in highly oxidized samples (due to —COOH formed by oxida- 
tion); (3) a band at 5-83u which appeared in highly oxidized samples; (4) a 
weak band at 5-794 observed in a very highly oxidized sample. In the region 
from 9 to 13yz, a band developed at 10-124. This band was ascribed to conjuga- 
tion, since there was a good correlation between it and the ultraviolet diene 
absorption at 232 mu, as well as with the absorption at 2-92 of the —OOH 
group. This is in agreement with the formation of conjugated hydroperoxide 
structure shown by others. A band at 10-274 appeared slowly. It was ascribed 
to trans double bonds. A weak band at 10-69 was ascribed to —COOH groups. 
Highly oxidized samples also showed bread bands at 12-18u and 11-134 and a 
strong band at about 9-36u, to which no assignments were made. 

Nicnoiis and Horrman) studied the drying of films (0-03 mm) of penta- 
erythritol ester of linseed oil fatty acids, glycerol linoleate, pentaerythritol 
linoleate, blown linseed (“O”’ viscosity GARDNER-HOLT) and heat polymerized 
linseed oil (““L”’ viscosity). The films were dried at 25°, 110°, and 175° for various 
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times in the dark. Bands were observed and assigned as follows on unoxidized 
oils: 


3-454 C—H stretching. 

5-75u C=O. 

6-85u —CH,— bending. 

7-104 —CH,-— bending or —CH,— bending. 

8-0 u 

of COOR. 

9-70u pentaerythritol skeleton. 

chain skeletal vibrations influenced by double bonds. 

6-1 C=C. 


As oxidation progressed, a band at 2-90u progressively increased. It was 
ascribed to —QH and —OOH groups. The ester carbonyl band at 5-75y in- 
creased in intensity and widened. The band at 7-9-8-Ou increased and split into 
two bands after prolonged exposure. This was ascribed, speculatively, to ester 
C—O or possible to epoxide. A band appearing at 9-20u was attributed to ester, 
ether, or secondary OH groups. A band appearing at 10-1 to 10-2u was ascribed 
to trans double bond or possibly epoxide. The changes occurring on drying at 
higher temperatures were quite similar but more rapid. In the later samples at 
175°, a band at about 6-1u was observed as a shoulder on the widened ester 
C=O band at 5-75u. It was ascribed to C=O conjugated to C=C. The changes 
observed with driers were generally similar to those without drier. The whole 
region from 74 upward became generally opaque in the more highly oxidized 
films, obscuring any snecific structural bands. 

They followed the changes in intensity of the —OH band at 2-9u by taking the 
ratio of density at 2-9u to the density at 3-40u (C—H peak), assuming that the 
concentration of C—H bonds would not change appreciably during oxidation. 


D 

This ratio, = increased relatively rapidly to a maximum and then remained 
CH 

fairly constant. The “touch dry” point occurred at about the time of maximum 


Dox 
Deo 
at 5-75u to the density at 3-40u. This value, dD...’ also showed an inflection at 


cn 

about the “touch dry” point, but often continued to increase thereafter for 
some time. D 

The maximum value of —°= decreased with increasing temperature, while the 

D 
maximum — increased. Driers increased the rate of increase of both values. 
CH 
The maximum value of —°" increased when driers were present. The maximum 
D = 
value of —°° was decreased by cobalt or lead used singly, but was unchanged 
CH 

when lead-cobalt were used in combination. 


The change in C=O was similarly followed by taking the ratio of density 
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These studies on the infrared spectroscopy of autoxidizing drying oils may be 
summarized as follows: One of the principal effects observed is an increase in 
absorption at 2-9u, due to —OOH and —OH groups. Bands due to these two 
groups are quite close and not ordinarily resolved when both are present. The 
—OH band is at a slightly shorter wavelength than the —OOH band. The 
—OOH group absorbs more strongly than the —OH group. Therefore, quanti- 
tative measurements at 2:9u as an overall indication of —OOH plus —OH can 
be misleading unless this fact is realized. 

In the C=O region, the strong band at 5-75u due to ester —C=O becomes 
more intense and widened, with a number of other bands appearing. These are 
not always resolved in the presence of the strong ester —C=O band. The 
increase in intensity cannot be ascribed entirely to increased ester content with 
any great certainty, but is quite reasonable. The other bands are probably due 
to carbonyl groups formed by peroxide decomposition or other types of oxida- 


tion. Assignment of these bands to specific types of C=O groups such as 
H 


| 
—C=C—C=0; —C—C—C; or —C—C~=0, etc., cannot be made definitely at 


O 


present, but only suggested. Isolation of the specific compounds responsible for 
these other bands, combined with chemical evidence, and infrared curves for 
similar known compounds could lead to more definite assignment of these bands 
to specific structures. 

Absorption in the 10 to 11 region is very probably due in part to formation of 
isolated trans double bonds (10-54) and to conjugated dienes (10-12u and 
10-55), but much general absorption which is developed in this region cannot 
be definitely assigned to any specific structure. 

The decrease in the band at 3-30 is quite probably caused by a decrease in 
content of methylenes adjacent to double bonds by conjugation during peroxide 
formation, and by subsequent oxidative reactions which destroy the double 


bonds. 


Oil content of oil-styrene copolymers 

The strong ester C=U band at 5-75u (or acid band at 5-85) is well suited for 
detecting and determining the oil content of oil-styrene copolymers, since 
polystyrene has little absorption in this region. 

BRUNNER and TvcKER™ used the acid C=O bond at 5-9 to detect fatty 
acids in fractions of oil-styrene reaction mixtures which had been saponified and 
fractionated. Tung oil and 11-poise dehydrated castor oil were heated with 
styrene in xylo! at 140°, saponified and fractionated. They concluded that the 
eleostearate of tung oil did form styrene-oil copolymers, but that the 9,12 
linoleate and the 9,11 linoleate did not form copolymers under the conditions 
used. 

Bezman and BrowntycG"” used the ester C=O band at 5-8 to determine the 
vil content of copolymers made in aqueous emulsions of styrene with soy and 
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linseed oils which had been oxidized by air under various conditions. The un- 
oxidized oils did not copolymerize. The oxidized oils did copolyierize, roughly 
proportional.to the amount of oxidation. Peroxides, conjugation, and increased 
molecutar weight of the oxidized oils were possible contributing factors pro- 
moting copolymerization. 

Harrison and ToLBrrc‘*) used infrared to measure the fatty ester content 
of polystyrenes made with benzoyl perc «de catalyst at 70° in the presence of 
the methyl esters of pure stearic; oleic; normal linoleic; normal linolenic; 
10,12 linoleic and alkali conjugated linoleic acids. The ester content of the 
isolated polystyrenes was determined by infrared absorption of fatty ester C=O 
at 5-75u, corrected for appreciable absorption due to benzoate from the catalyst 
and for minor absorption due to the polystyrene. The benzoate C=O showed its 
peak at 5-70u. Methyl and ethyl benzoate were used as standards for the 
benzoate, methyl stearate for the fatty ester, and heat-polymerized, carbonyl- 
free polystyrene for the polystyrene. Measurements at 5-70 and 5-75u permitted 
calculation of fatty ester and benzoate content of the polystyrenes. Molecular 
weights and polymerization rates were also determined. Methyl stearate and 
methy] oleate acted largely as diluents, slowing the rate slight]y but not reducing 
the molecular weight of the polymer, and not combining with the polymer to any 
appreciable extent. Methyl] linoleate and linolenate acted as chain terminators, 
reducing the molecular weight and the rate of formation of the polymer, but 
entering into the poiymer only tc the extent of 2 to 3 mol per mole of polymer. 
The conjugated linoleates copolymerized with the styrene, without affecting the 
molecular weight or rate of formation of the polymer, but combining to the 
extent of 12-15 mol per mole of polymer. 


Branched long-chain fatty acids 
SopoTka and StyxLer*) reported the infrared spectra of normal, iso- (—CH, 
on next to end carbon), anteiso- (—CH, on second from end carbon) and neo- 
(2—CH, groups on next to end carbon) palmitic and stearic acids. The iso acids 
showed a doublet at 7-25 and ca. 7-35u (7-35 stronger) attributed to the iso- 
propyl group. The anteiso acids showed a band at 7-25 which was stronger than 
in the normal acids. The neo acids showed the same doublet as the iso acids 
(7-25 and ca. 7-35), but the 7-354 band was stronger than the 7-254 band. This 
was stated to be characteristic of the t-butyl group present in the neo acids. 
FREEMAN“) reported infrared spectra of 27 branched long-chain fatty acids. 
Bands at 7-78 and 8-10u (the former usually stronger) were observed and con- 
sidered in detail as to the effect of the position of branching on their relative 
intensities and cn minor shifts in wavelength. A methy] in the 2-position made 
the 8-10u band stronger than the 7-78 band. Branching in other positions has 
less effect on the intensity of the 8-10u band. Beyond position 8, branching had 
little effect on these bands. The 8-10 band was displaced appreciably in the 
3-methyl] (8-14u); 4-methyl (8-234); 5-methyl] (8-25); 2,2-dimethyl (8-30) 
and 4,8,12-trimethyl (8-23u) octadecanoic acids, and in 2-n-buty)-2-ethyl 
nonanoic (8-2lu); 4-n-butyl-4-ethylnonanoic (8-204); and 2,3,4-trimethyl 
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hexadecanoic acids. The intensity of the 13-85u band (chain of 4 or more un- 
branched carbons) varicd in intensity appreximately as structures would predict. 
Ethyl group substituents showed a band at 12-9u, n-propyl groups showed a 
band at 13-5, isopropyl groups show a band at 8-55u. Two methy] groups on the 
same carbon resulted in a splitting of the 7-254 band. The number of (methyl) 
branches up to 4 was correlated with optical density at 7-25u. The range of 
optical density at 7-25u for a particular number of methyl groups was distinct 
except for a slight overlapping between 2 and 3. Branching near the carboxyl 
group tended to give lower values. 

A band at 8-8u was suggested as being associated with a quaternary carbon 
beyond the 2 position. 

The provisional nature of many of the assignments was recognized by the 
authors. However, they represent correlations which are cf value in structural — 
work if used judiciously, and if correlated with other means of structure 
identification. 


Phthienoic acics from tubercle bacillus 
Cason, FREEMAN, and SuMRELL'* used infrared in studying the structure of a 


C,, phthienoic acid isolated from tubercle bacillus. They proposed its structure 


to be: 
C,H,—(CH,),,; 


CH, CH, ba, 
(A Cyg acid was also isolated which was of similar structure, from infrared 
evidence.) Unsaturation was indicated by a band at §-08u. Shift of the ester 
C=O from 5-75 to 5-85u was in agreement with the a-f position of the double 
bond, also indicated by ultraviolet absorption. Bands ai 12-5, 13-26, and 14-92u 
indicated at least one H on the unsaturated carbons. No splitting of the 7-3 band 
into a doublet indicated the absence of iso or neo structures. The absence of a 
band at 8-8 indicated the absence of quaternary carbons. No bands between 
12-5 and 13-8u indicated the absence of ethyl or propyl branches. Absorption 
at 7-3 was consistent with 4 methyl groups (also determined chemically). The 
locations of the methyl groups was based largely on chemical-physical properties 
not related to infrared. 
Cyclopropane ring in lactobacillic acid 
Hormann, Lucas, and Sax‘!® isolated a lactobacillic acid, C,gH,,0,, m.p. 
28-29°C, from the fatty acids of Lactobacillus arabinosus. Since the acid was 
saturated (no reaction with K MnO, or peracids), and contained 2 less hydrogens 
than a C,, saturated acid, a cyclic structure was suggested. Hydrogenation pro- 
duced n-nonadecanoic acid and what was apparently a methyl octadecanoic 
acid. Infrared absorption showed a band at 9-8 which is characteristic of alkyl 
substituted cyclopropanes (3-94) (DERFER, PicKEeTT, and Boorp).‘*” This 

established the structure as CH,—(CH,)z—CH———CH—(CH,) yCOOH, where 
z+y= 14. 
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Cyclopropene ring in sterculic acid 

jsolated sterculic acid C,g.H,,0,, m.p. 18-20°, as the main constituent 
of the kernel oil of Sterculia foetida. Ozonization produced 9,11 diketo non- 
adecanoic acid. Complete hydrogenation consumed 2 mol of hydrogen and 
produced a saturated acid C,,H;,0,, m.p. 65-2-66-8°. Partial hydrogenation 
witk 1 mol of hydrogen produced dihydrostereulic acid, m.p. 38-8-39-8° which 
was a saturated acid (no reaction with KMnQ,) showing an infrared absorption 
band at 9-85, characteristic of cyclopropanes. Tlis established the structure as 

CH,;—(CH,),—CH———CH(CH,),COOH. 


Herculin and reiated unsaturated n-isobutyl amides 


Herculin is one of a number of naturally occurring N-isobutyl amides of un- 
saturated fatty acids with two or more double bonds. Cromspre®) used infrared 
to reinvestigate the proposed structure of herculin, N-isobutyl amide of 2,8-do- 
decadienoic acid. He examined the N-isobutyl amides of all four cis, trans 


or physiological propertics. He therefore concluded that herculin had been 
assigned a wrong gross structure. 

The structures of the synthesized amides of the four isomeric 2,8-dodeca- 
dienoic acids was substantiated by infrared data. A N—H stretching band was 
observed at 3-04u in all amides. The C=O band was at 6-l4y, displaced by 
conjugation with the C=C double bund from its normal position of 6-10 for the 
C=O of monosubstituted amides. A band at-6-47y, characteristic of mono- 
substituted amides was observed in all isomers. The isomers with the trans-2 
double bond in conjugation with the amide C=O showed bands at 10-22u, dis- 
placed from its norma] position at 10-35u which was observed with the isomers 
containing the isolated trans-8 double boud. A band at 2-25u, which was very 
weak in the trans, trans or saturated amide, increased progressively in the cis, 
trans and the cis, cis isomers, to a band of moderate intensity. 

Stretching frequencies due to the C=C conjugated to C=O were observed at 
6-05u with the cis-2 isomers and at 6-00 with the trans-2 isomers. The non- 
conjugated 8-doubie bond was shown not to contribute to the C=C stretching 
bands by examination of model compounds containing no conjugated C=C 
bonds. 

Mycomycin 

CELMER and SoLomons™) elucidated the structure of the antibiotic, mycomycin 
as (—) diynoic acid (probably 3-trans, 5-cis, or 
possibly 3-cis, 5-trans): 
CH=C—C=C—CH=-C=CH—CH=CH—CH=CH—CH,COOH 


This most remarkable compound is quite unstable, losing half of its biological 
activity in 3 hr at room temperature, and exploding at its melting point of 75°. 
Isolation and manipulations were carried out under inert gas at low tempera- 
tures. 
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They also showed that mycomycin is rapidly converted by dilute aqueous 
alkali to isomycomycin, trans-3, trans-5 n-tridecadiene-7,9,11 triynoic acid: 


The proof of these structures is a most elegant example of the use of infrared 
and ultraviolet spectroscopy, combined with chemical evidence to deduce 
structure. 

Hydrogenation of mycomycin or isomycomycin required 8 mol of hydrogen 
and produced n-tridecanoic acid. The terminal acetylene group in mycomycin was 
established by its reaction with alcohoiic silver nitrate and by a strong infrared 
band near 3-08u and a weak band near 4-90u. The second acetylenic bond in 
mycomycin was indicated by an infrared band at 4-55u characteristic of disub- 
stituted acetylenes. The conjugation of the two acetylene Londs was indicated 
by characteristic ultraviolet spectra. This fixed the two acetylene bonds at 
positions 10 and 12. 

Ultraviolet maximum at 281 mu limited the number of contributing conju- 
gated multiple bonds to three, parts of which might be acetylenic. Absence of a 
double bond conjugated to carboxyl was shown by the normal C=O bond at 
5-76u with the methyl ester of mycomycin. The 3,5-diene grouping in myco- 
mycin was suggested from its proven existence in isomycomycin (cf. below). 
Infrared bands at 10-53 and 10-liu characterized the conjugated diene system 
as a cis, trans diene, which explained its inactivity in the Diels-Alder reaction 
with maleic anhydride. This was in contrast to isomycomycin which had a 
trans, trans conjugated diene system (strong band at 10-10u, but no band at 
10-53) and which reacted readily with maleic anhydride. These facts established 
the diene in mycomycin system as 3-trans, 5-cis or 3-cis, 5-trans. 

The allenic grouping (at positions 7 and 8) was indicated by an infrared band 
at 5-18. Its position was fixed by the position of the diene at 3 cnd 5 and of the 
diyne at 10 and 12. This location of the allene group was substantiated by its 
explanation of the optical activity of mycomycin, and also of the ultraviolet 
spectrum with two maxima at 267 and 281 mu. 

The determination of the structure of isomycomycin was closely related to 
that of mycomycin. It also absorbed 8 mol of hydrogen to give n-tridecanoic 
acid. Infrared showed no allenic and no terminal acetylenic absorption (also 
shown to be absent by non-reactivity with alcoholic silver nitrate). It analyzed 
for one C-methyl group, while mycomycin showed none. Its ultraviolet spec- 
trum was simijar to known conjugated dienetriynes and jack of conjugation of 
unsaturation with the ester carbonyl was indicated by the normal position of the 
ester carbonyl band (3-77). Isomycomycin readily added 1 mol of maleic anhy- 
dride. The adduct had ultraviolet absorption characteristic of conjugated 
triynes. The adduct added 7 mol of hydrogen to produce a product which was 
identical with the hydrogenated adduct of maleic anhydride with 3-trans, 
5-trans n-tridecadienoate (which was synthesized). This established the diene 
in the 3,5 positions, and showed it to be a trans, trans diene. The greater inten- 
sity of the band at 4-55u (disubstituted acetylene) of isomycomycin ecmpared 
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to mycomycin suggested a triyne structure, and with tne presence of a terminal 
—CH;, zroup, limited the triyne structure to position 7, 9, 11. This established 
the structure shown for isomycomycin. . 

These authors also synthesized methyl 3-irans, 5-cis-n-tridecadienoate and 
methy] 3-trans, 5-cis, n-nonadienate as models for their infrared diagnosis of the 
conjugated diene in mycomycin. These cis, trans conjugated dienes showed 
infrared bands at 10-53 and 10-15 similar to those shown by mycomycin and 
also similar to those shown by cis, trans conjugated linoleates. Catalytic iso- 
merization with iodine changed them to the trans, trans forms which showed a 
single stronger band at 10-1@y, like that of isomycomycin and like that of trans, 
trans conjugated linoleates. 


Aluminum soaps 


Harpe, WIBERLEY, and BaveEr‘*” used infrared to study the structure of the 
aluminium salts of fatty acids from C, to Cy. Fatty acid bands (principally 
5-82u of acid C=Q) appeared only in those soaps which contained fatty acids 
extractable with cold iso-octane. The results indicated that trisoaps of the higher 
- fatty acids do not exist as chemical compounds, but as a mixture or loose com- 
pound of a disoap and fatty acid. Disoaps and monosoaps show no infrared 
bands characteristic of the COOH group and almost no extractable acid. Mono- 
soaps show a broad vand at 3-0u, indicating hydrogen bonded OH groups, while 
disoaps show a band at 2-70u indicating unbonded OH groups. Soaps of a 
compasition between mono and ‘disoaps showed both the 3-Ou and the 2-70u 
bands, indicating that the monosoaps and the disoaps exist as discrete 


compounds. 
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COUNTERCURRENT FRACTIONATION 
OF LIPIDS 


Herbert J. Dution 


THE separation of solutes on the basis of their differential solubilities in two 
immiscible solvents has been known in principle as long as the science of chemis- 
try and has been practised siace prehistoric time for the preparation and purifi- 


cation of perfumes and oils. Until comparatively recent times, liquid-liquid — 


extractions have been applied only to materials of widely differing solubility 
characteristics of such a nature that a single-batch extraction or, at most, 
multiple extraction of one phase was required to effect practical separations. It 
is only within the last few decades that the principle of countercurrent flow and 
the elaboration of contacting stages have been applied to the fractionation of 
more difficultly separable solutes. 

“Countercurrent distribution” is the name given to a particular type of 
multiple-batch extraction which is carried out in ingenious laboratory devices 


designed by Crasc.” This technique can be recommended to the lipid chemist © 


for a number of reasons, not the least of which is the mildness of the fractionating 
conditions compared to distillation, or even to chromatographic procedures. 
Particularly for the unstable compounds such as fat oxidation intermediates, 
the low temperature and dilute solution conditions of the procedure gain in 
importance. Because approximately complete recovery of the starting material 
in the fractions is obtained, a countercurrent distribution curve has particular 
value in that it accounts for all the material. The reproducibility and predict- 
abiity of sclute behaviour with this technique, the capacity for expansion bota 
in volume and in resolution, the analyticel and preparative potentialities, and 
the inherent adaptability of partition processes to problems of lipid chemistry 
should become apparent to the reader. 

Although much of the attention of this review is directed toward a description 
of laboratory countercurrent distribution apparatus, its operation and applica- 
tions, certain recent commercial developments in the countercurrent extraction 
of lipids have been made and are briefly considered herein. 


FUNDAMENTALS OF COUNTERCURRENT FRACTIONATION 


The partition coefficient may he considered as characteristic a constant of 
chemical compounds as refractive index, melting point, boiling point, and 
specific rotation. In addition, the partition coefficient has the advantage over 
many of the familiar physical constants that its consideration may suggest 
methods of fractionation and isolation. 

The partition coefficient (A) is defined by the equation 


= K 
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where c, and ¢, are the concentrations of the given solute in the lighter (upper) 
hyperphase and the heavier (lower) hypophase solvent layers, respectively. The 
equation follows from HEnrRy’s law and states that the ratio of concentrations 
of a given solute in two immiscible phases at equilibrium is constant at a given 
temperature. Deviations occur at high concentration and uuccz ccnditions 
where the ratio of associated and dissociated molecules vary. For purposes of 
the present discussion, the partition eoefficient will be assumed to be constant, 
this constancy of coefficient being consciously striven for in the countercurrent 
distribution work to be described by using dilute solutions. 

The separation of relatively polar and relatively nonpolar solutes on the basis 
of their differential solubility in immiscible solvents is a common laboratory 
operation most frequently carried out as a single separatory-funnel operstion. 
The partition of saponified plant pigment extracts between petroleum ether and 
aqueous alcohol layers into the hyperphasic yellow, unsaponifiable carotenoids 
and the hypophasic green, saponifiable sodium chlorophyllins constitutes an 
example of a simple fractionaticn of lipids achieved by virtue of differential 
solubilities in two immiscible solvents. However, by definition, lipids are rela- 
tively nonpolar substances, and it is not surprising that poor separations are 
generally achieved by the use of a single equilibration because of the closeness of 
partition coefficients. Rather a slight fractionation results at a single equilibra- 
tion, and the application of successive stages is required to effect separation. 

Of various possible arrangements for applying multiple stages,‘*’ counter- 
current operation affords the most efficient procedure in terms of volume of 
solvents used and degree of separations attained. In this scheme of operation, 
successive portions of ene solvent phasc moving in one direction come into 
contact with successive portions af a second solvent phase moving in the opposite 
direction. Solutes dissolved in the two phases tend to go with one phase or the 
other, dependent upon their partition coefficients and the volumes of the solvents 
in contact. 

The equilibration of the countercurrently flowing solvents may be achieved in 
discrete steps, in which case the system is described as multiple stage, ccunter- 
current batch extraction. If the flow of the solvents is continuous, the system 
may be described as multiple stage, continuous countercurrent extraction. 


Multiple stage, countercurrent batch extraction 


Since many of the applications of countercurrent fractionation to be described 
were carried out by countercurrent distribution techniques, an analysis of this 
procedure will be made. The process is best illustrated by an example involving 
separation of two solutes. In this instance, suceessive portions of the upper 
layer are caused to move over and be equilibrated with equal successive volumes 
of lower layers. To clarify the relationship of theory to the apparatus actually 
used for countercurrent distribution, the lower layers will be held stationary. 
Assume that three separatory funnels, numbered 0, 1, and 2, each contain a 
given volume of hypophase. To funnel 0 is added an equal volume of hyper- 
phase and 1000 units each of solutes A and B. Assume further for illustrative 
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purposes that solute A is 9 times more soluble in the hyperphase than in the 
hypophase, while solute B is 9 times more soluble in the hypophase than in the 
hyperphase. The partition coefficient for compound A is therefore 9 and that 
for B is 0-11. 
Considering for the moment only compound A, the distribution of 1000 units 
of A in funnel 0 after equilibraticn and settling is calculated. As shown in 
Fig. 1, 900 units will be found in the hyperphase and 100 
-in the hypophase after the first equilibration. The hyper- 
phase of funnel 0 is next transferred to funnel 1, and a 
volume of fresh hyperphase solvent is replaced in funnel 
0. After shaking and settling, the distribution of solute A 
is shown at transfer stage 1. In separatory funnel 0, tae 
100 parts of A left dissolved in the lower layer are now 
distributed to give 90 parts in the hyperphase and 10 
parts in the hypophase. The 900 units transferred to 
funnel 1 in the hyperphase are now distributed, 810 parts 
in the hyperphase and 90 in the hypophase. 
In the next operation, the hyperphases of funnels 0 
and | are transferred to funnels 1 and 2, respectively, 
and fresh hyperphase is again introduced into funnel 0. 
The distribution after shaking and settling is shown at 
transfer stage 2 of the figure. The solute A content of 
each funnel, or the sum of that in the two layers, is 10, 
180, and 810 units respectively for funnels 0, 1, and 2. 
Solute B, by analogous reasoning, will be found to 
have the reverse distribution. The solute B content for 
funnels 0, 1, and 2 is 810, 180, and 10 units, respectively. 
When both solutes are now considered, funnel 0 is found 
to contain $1% of solute B of 98-8% purity and funnel 3 
contains 81% of solute A of 98-8% purity. This two- 
transfer-stage operation, just described, demonstrates 
the countercurrent distribution process and also shows 
Fig. 1. Countereurrent the increased separation of solutes A and B over that 
distribution of solute 
A (K, = 9). for the single equilibration where the corresponding 
purities of solutes A and B are 90%. 
The distribution of solutes in the various stages of a countercurrent distribu- 
tion can be calculated readily through use of the binomial expansion which 


where » is the number of transfers. 
In the example described above where n = 2 and K = 9, the expansion is: 
1 2K Kk? 
0-01 + 0-18 + 0-81 
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When multiplied by 1000, the distribution given above is obtained. 
A general form of the equation which describes the solute content (7, ,) of 
any given funnel or tube (r) after a given number of transfers (n) is: 


n! 1 
T.,= 
(; + i) 


Certain shortcuts make the calculation of solute contents in individual tubes, 
and thus of theoretical distribution curves, quite simple in practice. 

The ability to calculate the solute content of each funnel or tube of a counter- 
current distribution, when the partition coefficient and the number of transfers 
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Fig. 2. Theoretical curves of chlorophyll 2, chlorophyll! 6, and carotene for a 54-tube 
Craig countercurrent distribution. 


is known, constitutes one of the significant advantages of this method of frac- 
tionation. This feature suggests the analytical] function of the technique. Under 
conditions of constant partition coefficient, any deviations from the theoretically 
calculated distribution can be attributed to another solute or solutes. The sum 
amount of the deviation, of course, represents the amount of the other solute or 
solutes. 

The prediction of the degree of separation of two solutes, A and B, given their 
partition coefficients (K,, Ay) 1s a problem of frequent occurrence. This prob- 
lem may take the form of a question: either, how many stages need to be 
applied to achieve a desired purity; or, what separation will be achieved by the 
application of a given number of stazes? 

An approximate answer to these questions can be given by statistical theory 
in which probabilities are calculated from the area of overlap of curves such as 
are illustrated for the chlorophyll a and 6 in Fig. 2. The impurity of chlorophyll 
a in chlorophyll 6 is defined by statistical considerations as the ratio of area 
ABC to the area BCD. The following relationships hold between various 
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percentage overlaps or percentage impurities for selected values of the statistical 
constant f: 

t Percentage Impurity 

1 15-9 

2 2-27 

3 0-13 
Further data on the relationship of t to the area of overlap are available in 
the tables of standard statistical texts.‘ 

The relationship between partition coefficients, number of transfers, and ¢ 
is given by the equation:‘® 
Ky — Ky 


A nomographic solution of this equation is presented in Fig. 3. It is useful 
within the range of partition coefficients normally used and for the number of 
stages available in the metal-type apparatus described below. Equal volumes 
of solvent layers are assumed. The solution illustrated in the nomograph is the 
determination of the number of stages required to achieve 95% purity, given 
partition coefficients 0-5 and 2-0. Where a larger number of transfers is involved 
and coefficients are not in the range 0-25 to 4-0, the equation given above can be 
employed. ‘The function: 


E + Kg + R? 
Kg — Kx 


may be looked upon as an index of separability for solutes with partition 
coefficients K, and Ky; the larger the value of this function (2*), the greater ia 
the difficulty cf separation. ? is also the calculated number of transfers which 
are required to achieve a 84-1% (t = 1) separation of solutes A and B. It serves, 
as shown in following sections, as a useful index for comparing the difficulty in 
separating various binary systems. 

The choice of immiscible solvents for countercurrent distribution, unfortu- 
nately, is a largely empirical process. However, certain desirable characteristics 
of » solvent system may be iisted: 

1. Particularly for the metal apparatus or for the ‘“fundamenta!’” technique 
of operation, the partition coefficient for one of the components to be separated 
should be near 1. For a binary system, greatest efficieney of separation is 
attained when partition coefficients are reciprocals or their geometric mean 
is 1, 


* The equation derived by Nicuots"? is of the same form and apparently gives comparable 


approximations: 
K, + 1VKy — + 1)VKg 


It is to be noted that Cratc'*) has applied theory of distillation to the prediction of separation, 
but this requires considerably more labour than that indicated by the above equations. 
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2. The solvent system should be temperature insensitive, i.e., little change in 
mutual solubility of the layers and, therefore, little change in the position of the 
interface should occur with temperature change. 

3. Boiling points of solvents should be low enough to permit their ready 
remcval for gravimetric analysis and yet high enough to minimize evaporation, 
pressure development, aud leakage in the instrument. 
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Fig. 3. Nomograph relating piates, n, per cent impurity, A, and Kg. 


4. Differences in specific gravity and lack of emulsifying tendency should be 
such as to permit rapid separation of the phases. 

5. Association between solute molecules should be minimized to give as nearly 
normal frequency distribution curves as nossible. 

6. Solvent systems should be selective. This last-named point of selectivity 
is perhaps the most critical and yet the most elusive. Experience gained through 
the empirical approach appears to be the best guide to choice of solvents. 
Suffice it tc say that wide differences in separability (2* values) in various solvent 
systems do exist and their advantages should be exploited. 
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Multiple stage, continuous countercurrent extraction 


Commercial applications of liquid-liquid extraction have most frequently 
followed this type of operation for reasons of the simplicity, the general amen- 
ability of continuous processes to commercial exploitation, and the efficiency in 
terms of solvents used and separations attained. Whether mixing and equilibra- 
ation stages are established by means of stirrers or packings, settling zones or 
centrifuges, the essential features are the continuous countercurrent flow of 
immiscible solvents with multiple contacts. Solutes to be separated are most 
frequently fed in at thx centre of the train and preferentially leave the column 
with the lighter (raffinate) or the heavier (extract) phase, depending on their 
individual partition coefficients and the ratio of the volumes of solvents. 

The mathematical analysis of this operation is complicated, as has been 
pointed out earlier, since the overall fractionation obtained is a function of tue 
differential rate of transfer of solutes across solvent boundaries as well as a 
function of the partition coefficients.“ High concentrations are most frequently . 
employed, anc under these conditions partition coefficients vary. General 
practice in the analyses of this type of operation is an empirical approach, 
although some progress in theoretical analysis of this type of operation has 
been (8) 

EQUIPMENT 


Apparatus for countercurrent distribution 


Many recent advances in knowledge of lipid chemistry have been made possible 
by the development cf apparatus for efficiently and systematically carrying out 
the countercurrent distribution operation. In the metal instrument described 
by Crate and Post,'* a 24-transfer distribution, for exa:.e, is accomplished 
in less than an hour, an operation which if carried out in separatory funnels 
would require the performance of 1800 (3 x 25 x 24) individual shaking, 
settling, and transfer operations. Such en amoxnt of labour would have dis- 
couraged the application of courtercurrent distribution processes even if the 
potentialities of the method had been fully realized. 

A drawing of an early model of countercurrent ¢istribution apparatus having 
19 tubes is presented in Fig. 4. It ecnsists of two cylindrical stainless steel 
blocks into which a concentric row of holes has been bored through the upper- 
most piece and into the lower section. The critical feature of the apparatus is 
the carefully lappec surfaces between the two sections and between the upper 
section and cover which permit the upper section to be rotated with respect to 
the lower section and the whole apparatus to be inverted for mixing of phases 
without loss of solvent. In operation, the holes of the lower section are filied 
with hypophase, and an equal volume of hyperphase is introduced into each hole 
of the upper section. The apparatus consists, in effect then, of a series of 19 
separatory funnels arranged in a circle and permits the upper layers of each tube 
to be transferred to the next adjacent tubes in a single operation. Mixing of the 
phases of the 19 tubes is similarly accomplished in a single operation by inverting 
the apparatus about its horizontal axis. 
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Countercurrent distribution is performed by introducing the solutes to be 
separated into tube O/O of the apparatus which has been filled with the pre- 
viously equilibrated solvent layers. Mixing, settling, and transfer operations 
are successively repeated until one revolution of the upper section has been 
made and upper tube O comes to rest over lower layer 19. Variations of this, so 
designated, “fundamental’’’ operation procedure will be discussed as they 
arise. The whole contents of each tube (upper and lower layers) are removed by 


gt 2 

tthe 


Fig. 4. Metal countercurrent distribution apparatus. 


siphoning or by suction; and weight determinations, spectrophotometric 
analyses, fluorescence intensities, etc., are determined, either on the residues 
after evaporation of the solvents, or upon aliquots of the tube contents. 

One of the newer models of the metal type apparatus has 54 tubes with a 
capacity of approximately 16 ml] per tube and is characterized as an analytical 
model. Another model designed for preparative purposes has 29 tubes of 1 in. 
diameter and 160 ml capacity per tube.” A feature common to these models is 
the use of glass plates for bottom and top covers. This is particularly advan- 
tageous when working with coloured substances or with substances which tend 
to give emulsions. 
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Countercurrent distribution equipment of all-glass construction has been 
designed and has now attained wide usage. This type of apparatus was made 
possible by an ingenious design which permits the upper layer of each glass tube 
to be transferred to the next adjacent tubes merely by tipping slightly more 
than 90° and then causing the tube to resume its original position. Mixing. is 
achieved by a rocking motion of the tube in horizontal position. Glass tubes are 
constructed with a volume as large as 200 ml and as small as 20 ml. The tubes 
are arranged in a linear fashion as shown in Fig. 5. A principal advantage of tine 
glass design is the lower cost of construction per tube, a reduction which means 
that more stages may be obtained for the same equipment cost. Another 
advantage includes the possibility of expanding the number of stages by merely 
adding more tubes to the train. 

This glass apparatus may be operated according to the “fundamental” plan 
in a manner comparable to that described for the metal models, the chief 
difference ir operation being the necessity of adding fresh hyperphase to tube O 
after each transfer. Where increased numbers of trar_sfers are desirable, the 
effuent hyperphases may be collected as they flow from the last tube, thus 
applying increased stages to the low partition coefficient solutes remaining in 
the apparatus. The operation may be continued until the last-mentioned solutes 
are finally eluted from the apparatus. Use of the apparatus according to this 
“single withdrawal principle” is analogous to elution analysis of chromato- 
graphy. The mathematical description of this process has recently been pub- 
lished.“ In certain cases, the effluents from the last tube are reintroduced into 
tube O, and increased numbers of effective tubes are achieved by this re-cycling 
process. 

Increasing the number of extracting stages in orde: to improve the resolution 
of difficultly separable solutes results in increased labour even with the labour- 
saving features of countercurrent distribution apparatus. An answer-to this 
problem is to be found in the automatic equipment designed by Craic, Havs- 
MANN, AHRENS, and Harrenist.””) This instrument with its 220 tubes is 
pictured in Fig. 6. Shaking, transfer, collection of samples, and introduction of 
fresh solvent are all accomplished automatically. Provision is made for re- 
cycling, and with this procedure several thousands of stages have been applied 
to difficultly separable binary systems, the equipment operating continuously 
over a period of days. A further advantage of this apparatus is that it extends 
the range of partition coefficients which may be conveniently studied, from the 
0-25 to 4 range for metal apparatus, to the 0-01 to 100 range. 


Equipment for multiple stage, continuous countercurrent extraction 


Whereas the apparatus of the preceding paragraphs is limited in applicability to 
laboratory scale operations, the equipment described in this section is either of 
commercial interest or is capable of expansion to commercial scale. Less eon- 
sideration must necessarily be given this type of equipment, which is primarily 
of engineering interest. Moreover, the published applications to lipids at the 
present time are relatively few. Operations of this type will undoubtedly attain 
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Fig. 5. Glass countercurrent distribution apparatus. 
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Fig. 6. Completely automatic glass countercurrent distribution equipment. 
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greater interest among industrial chemists as potentialities for liquid-liquid 
extraction and are suggested by laboratory, multiple-batch experiments. In a 
rough manner, multiple-stage, continuous countercurrent extraction apparatus 
may be classified as (1) that in which mixing, settling, and transfer is attained in 
discrete stages, and (2) that in which mixing, settling, and transfer is a con- 
tinuous process. 

Schematically, the discontinuous mixing-settling systems may be represented 


by Fig. 7. Hypophase is introduced at one end of a train consisting of alternate 


Stoges 
-Hyperphose com —Hyperphese 
Our Settling Stirring Settling Stirring Settling Stirring Settling 


Fig. 7. Schematic representation of multiple stage, continuous countercurrent extraction. 


settling and mixing equipment, and the hyperphase at the opposite end. Each 
phase is, of course, removed at the end opposite from its introduction. The 
point of eatry of solutes to be separated is at some point between the two ends 
of the train, depending on the particular system. Various types of mixers and 
separating equipment are used. Gravity separation may suffice in some cases ;"®) 
centrifugal separators are used in others as illustrated in the fiow diagram of 
Fig. 8.99 Attention is particularly called tc the novel centrifugal contactors of 
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Fig. 8. Countercurrent fractionation with five dise type centrifuges.“ 


the Podbielniak design shown in Fig. 9." Hyperphase is introduced at the 
periphery of the rotor and hypophase at the centre. Exit of the hyperphase is 
at the centre and exit of the hypophase is from the periphery of the rotor. As 
the phases move countercurrently under 2000 to 5000 G., they are mixed in 
passing through the holes of the perforated concentric rings. Separation of the 
phases occurs between the rings. Eight or more theoretical stages have been 
observed for this design. Among the laboratory models of multiple-stage con- 
tinuous countercurrent extraction apparatus are those of CORNISH, ARCHIBALD, 
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Morpey, Evans,"5) Van Disck, and Ruys,“® Maaztty and Synce,?” and 
Kwox, WEEKS, and McATEER."®) 

Equipment in which mixing, settling, and transfer is a continuous process is 
generally a vertical columnar type where gravity is the transferring agent. 
Introduction of the hypophase (extract) is at the top of the column and take-off 
at the bottom; introduction of the hyperphase is at the bottom with overflow 
at the top. Feed of materials to be separated may be at any point intermediate 
between top and bottom. Mixing of the phases with themselves and with the 
feed is most frequently achieved by packings; e.g. saddles, helices, etc., in the 
column, though mixing is also accomplished by internal stirrers. 


HEAVY 
LIQUID 


Fig. 9. Podbielniak centrifuge] countercurrent contactor.‘!#) 


Two laboratory models of internally stirred equipment merit individual 
discussion. The column designed by SCHEIBEL is actually of the discontinuous 
stage type, although it is a vertical column in construction.“® The laboratory 
model consists of a glass tube equipped with inlet and outlet tubes for the 
countercurrent fiow of solvents and the introduction of feed. Through the centre 
passes a shaft with spaced paddle wheels for stirring. Between the paddle. 
wheels are packings of stainless steel mesh whicl: serve to stop the motion of the 
solvents and permit separation of phases. The lighter phase then moves upward 
as it separates into the next stirring section, while the heavier phase moves 
downward into another stirring section. Efficiencies have been reported for this 
column slightly higher than one plate per stirring and settling section. 

The second type of continuous liquid-iiquid extraction column is that devised 
by Jantzen) and most recently evaluated by SHort and Twice.) It hasa 
glass column similar to that described for the Scheibel column but has at its 
centre a spinning cylinder. Under correct operating conditions a banded 
arrangement of horizontal vortex rings develop. Finely dispersed solvent phases 
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thus come into frequent contact as they move spirally upward and downward. 
In a 2-ft column descrited by Sport and Twice and used for the extraction of 
acetic acid from water phase with methy] isobuty] ketone, thirty-four theoretical 
stages were calculated to have been present. An efficiency of nearly this same 
magnitude was reported by Ney and Locure in earlier work.'22) Since the most 
efficiently packed columns have a height equivalent to a theoretical plate 
(H.E.T.P.) of approximetely 1 ft, the H.E.T.P. of less than 1 in. claimed for this 
design merits further study for lipid separations.‘ 

Lest the reader become over optimistic concerning the potentialities of this 
type of equipment, however, the author has observed that conditions for 
optimal operation are rather critical and consist of: the solvent systems being 
employed, the width of the annulus between rotor and tube, concentration of 
feed, rate of solvent feed. position of feed, rate of settling, and speed of rotor, to 
name a few of the variables. 

It will be demonstrated later that the number of plates required to separate a 
component from a binary mixture by column extraction should be much less 
than that calculated to be required for the fundamental procedure of counter- 
current distribution. The number of extraction stages potentially available in 
_ the equipment just described should be commensurate with the difficulty of 
separating certain complex mixtures of lipids of industrial, or research interest. 


APPLICATIONS OF COUNTERCURRENT DISTRIBUTION 


The lipid chemist indeed has need of improved fractionating tools. In evidence, 
one can point to the rare, and exceptional instances in which pure triglycerides 
have been isolated from natural sources.‘ Among even the less complex free 
acids and monoesters, fractionation is achieved with available tools in some 
instances but not in others. Thus, vacuum distillation through highly developed 
columns, such as that of the Podbielniak design, suffices to separate the impor- 
tant members of the homologous series of saturated acid esters; but for the 
isologous series of unsaturated C,, acid esiers, distillation procedures are not 
effective. '*4), These isologues are separable in small amounts by chromato- 
graphic methods'?®, (27), (28), (29), (30) or by chemical methods on larger scale. 
The wicely accepted bromination-debromination procedures used to isolate 
linoleic and linolenic acids, however, are drastic and result in formation of 
cis-trans isomers. 

The present section on applications describes the use of countercurrent 
distribution for the fractionation of lipids primarily as an analytical tool and 
attempts to evaluate the efficacy of the method. Lipid compounds include the 
homologous series cf saturated fat acids, the isologous and isomeric C,, acids, 
methy] esters of these fat acids, glycerides, fat-soluble pigments, phospholipids, 
bile acids, and fat acid oxidation products. 


Fat acids 


Countereurrent distribution of lipids has perhaps fonnd its highest development 
in the work of Crate and his co-workers on the fractionation of fatty acids.“ 
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These excellent analytical separations have been made possible by the pains- 
taking search for selective solvent systems and by the development of the 
automatic countercurrent distribution apparatus described above, which is 
capable of applying thousands of stages. 


25 


SATURATED FATTY ACIDS (C,,_,,) 300mg. EACH 
HEPTANE/Me OH, FORMAMIDE, HOAC 
400 TRANSFERS 


K 0-892 


Mg. PER UPPER PHASE 


240 280 400 


NUMBER OF TUBE 


Fig. 10. Countercurrent distribution of the hoinologous series of higher fat acids.‘*)) 


Separation of the higher saturated fat acids C,, to C,, is effectively complete 
as shown in Fig. 10 after the application of 400 transfers. The solvent system 
was composed of n-heptane, formamide, methyl alcohol, and acetic acid in 


Table 1. Partition coefficients of fat acids and methyl esters 


Methyl esters 


Acetic . 
Propionic 
Butyric 
Valeric 
Valeric 
Hexanoic 
Heptanoic 
Cctanoic 
Lauric . 
Myristic 
Palmitic 
Stearic 
Oleic 
Linoleic 
Linolenic ‘ 


2-2 M phosphate buffer at pH 5-7, isopropyl ether.” 
1M phosphate buffer at 7-7, isopropyl ether.“” 

Formamide acetic.acid, methano!, heptane system." 
§ Nitroethane, nitromethcne, pentane hexane system.” 
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volume ratios of 3:1:1:1, respectively. The partition coefficients for this 
series, as shown in Table 1, are well separated; lauric — 0-9, myrisiic — 2-0, 
palmitic — 4-4, stearic — 9-1. The R* values corresponding to the C,,—C,,, 
Cig —Cyg, binary system of fat acids are 33, 106, and 384 respectively. 

Countercurrent distribution renders its greatest service in the separation of 
the isologous series of C,, acids, for which satisfactory fractionating tools are 
generally lacking. Fig. 11 shows the virtually complete separation of linolenic, 
linoleic, and oleic acids following the application of 650 stages in the heptane- 
formamide-methy] alcohol-acetic acid solvent system. Partition coefficients 
calculated from this data for oleic, linoleic, and linolenic acids are 4-9, 2-9, and 


2 
Cy, UNSATURATED ACIDS (O-Sgm. EACH) 
SYSTEM: HEPTANE OH, FORMAMIDE, HOAC 
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2-75 
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350 370 390 410 450 470 490 S10 530 $50 $70 


NUMBER OF TUBE 
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Fig. 11. Countercurrent distribution of the isologous of C,, acids. 


1-6, respectively. R* values for the binary systems eomposed of stearic-oleic, 
oleic-linoleic, and linoleic-linolenic acids are 474, 328, and 118, respectively. 

The automatic apparatus and the formamide, methanol-acetic acid-heptane 
solvent system have beer applied to the analysis of the fatty acid composition 
of pig mesenteric fat. Not only was the spectrophotometrically determined 
composition of the u.saturated oleic and linoleic acids confirmed, but also 
myristic, palmitic, and stearic acids were isolated, and their proportions found 
to check with the earlier figures of Hitprrcs. 

In view of the number of stages required to effect the separations of unsatur- 
ated C,, acids, it is not surprising that Davies and Epwarps, studying the 
fractionation of linseed fat acids, achieved only a slight fractionation in thirty 
stages.'32) The fractionation that was achieved leads to the belief that their 
95% methanol-petrcleum ether solvent system was not as selective as the 
heptane-formamide-methanol-acetic acid system of CraIc. 

The skewing of experimentai distribution curves ts a serious problem with the 
C,—C,, fat acids in certain solvent systems, such as isopropyl ether and aqueous 
phosphate buffers. Although distinctly useful separations were attained 
despite this difficulty, the mathematical analysis of countercurrent distribution 
does not apply rigorously. This difficulty appears to have been largely over- 
come by the addition of acetic acid to the solvent system (see Figs. 10 and 11). 
The presence of this acid is believed to lower associations between carboxyl 


305 


4 
‘ 
- 
a 
4 
4 
= if 
21 
ae? 


Countercurrent Fractionation of Lipids 


groups of fat acids by causing the association to occur with the acetic acid 
carboxyls and thus to contribute to constancy of the partition coefficient. In 
light of the role acetic acid appears to play in the formamide system, it should 
now be possible to devise solvent mixtures which will minimize skewing for the 
C,—C,, acids. 

Distribution curves for the lower aliphatic acid group, C,; to C,, have been 
determined in a system of isopropyl ether and 1 M potassium phosphate buffer 
at pH 7-7 and show insignificant skewing.) The partition coefficients for these 
acids are as follows: valeric-0-0612, hexanoic-0-238, heptanoic-1-08, and octa- 
noic-4-17. Values of R* for the binary systems composed of consecutive mem- 
bers are: valeric-hexanoic-11-1, hexanoic-heptanoic-4-8, heptanoic-octanoic- 
21-2. As these values indicate, separation of the acids, C;—C,, is well within the 
capacity of limited numbers of stages such as are available in metal equipment. 

Acetic, propionic, butyric, and valeric acids have also been distributed in an 
isopropyl ether 2-2 M phosphate buffer at pH 5-7.) The corresponding parti- 
tion coefficients are 0-09, 0-50, 2:24, and 10-0. It is also apparent from Table 2 


Table 2. Separability indices (R*) for members of the homologous 
and isologous series of fat acids and methyl esters 


Methyl 
Binary system porn 


Acetic—Propionic 
Propionic -Butyric 
Butyric-Valeric . 
Valeric-Hexanoic 
Hexanoic—Heptanoic . 
Heptanoic—Octanoic P 
Lauric-Myristic . 1,122 
Myristic—Palmitic ‘ 647 
Palmitic—Stearic 889 
Stearic—Oleic . 529 


that the separation of these acids is well within the capacity of apparatus of 
limited numbers of tubes. 

An application of the countercurrent distribution procedure was made by 
ATCHLEY, who contributed evidence that fats are metabolized in the kidney 
through 8-oxidation.“) Propionic acid, formed in the oxidation of valer:s acid 
by kidney enzymes, was isolated and identified by its countercurrent distribu- 
tion pattern. When isocaproic acid was the substrate, isobutyric acid was 
identified in the oxidation products. 


Methyl esters of fat acids 


It is to be expected that the separation of methyl esters will be more difficult 
than the separation of the correspcnding acids in that the addition of the com- 
mon ester group increases the similarity of the molecules. No direct comparison 
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of the efficiency of separation, however, is possible since the same solvent system 
cannot be usec for both acids and esters. The experimental observation that 
separations of methyl esters is generally more difficult than the separation 
of the acids is probably a reflection of a less selective solvent system available 
for the esters as well as of the greater inherent similarity of the ester 
molecules. 

Replacement of the polar acid group of fat acids by the less polar ester group 
of fat acid esters requires the development of a solvent system in which the phase 
immiscible with the nonpolar hydrocarbon will itself be less polar, and thus will 
have increased solubility for the ester. Unfortunately, the lower the polarity of 
thiz layer, the greater will be its solubility in the nonpolar hydrocarbon layer so 
that a rather narrow range of solvents meets the requirements of immiscibility, 
favourable partition coefficients for esters, and selectivity. 

An attempt to systematize the requirements of a selective solvent has been 
made by Freeman “® According.to his rule, certain ratios exist between given 
functional groups and the number of carbon atoms permitted in solvent mole- 
cules which will give immiscibility. Thus for aldehyde, carboxyl, and nitro 
functional groups, 2 carbon atoms are permitted, while for a phosphate group, 
6 carbon atoms are permitted in the remainder of the molecule. 

A solvent system developed for glyceride separations is also useful for methyl 
monoesters and illustrates the more or less empirical manner in which solvent 
systems are developed.‘*7) Nitromethane is immiscible with pentane-hexane at 
room temperature but possesses low differential solubility for methyl esters. 
Nitroethane has much improved differential solubility characteristics at 0°C, 
but is miscible with pentane-hexane at room temperature. A mixture 80% 
nitroethane and 20% nitromethane was found to be immiscible with pentane- 
hexane at room temperature and at the same time to yield partition coefficients 
close to 1 for both glycerides and monoesters. 

“ountercurrent distribution curves for isologous series of C,, acid methyl 
esvers in this solvent are given in Fig. 12 and for the homologous series of 
saturated acid methyl esters in Fig. 13. In Table 1 are given the partition 
coetiicients of fat acids and methyl esters; in Table 2 are given the R* values 
calculated for certain binary systems of interest. It is apparent that separation 
as free acids is, with one exception, more attractive than as methyl esters; . 
however, when separations must be performed upon esters, the nitroparaffin 
system can be resorted to. 

The number of extraction stages required as calculated above (2?) is for the 
fundamenta! countercurrent distribution operation. It should be pointed out 
that this calculation has little relationship to the number of stages required for 
continuous countercurrent extraction to separate a binary system into raffinate 
and extract fractions. This point may be illustrated by the data shown in 
Fig. 2. Although 53 plates were applied to give an 84% separation of chlorophyll 
a and 3, the efiective fractionation was taking plave in 13 extracticn stages or 
tubes 17-29, inclusive. Beyond these tubes the separations are effectively 
complete, and single components are present. 
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A truer contrast between the fundamental operation and continuous multiple- 
stage countercurrent extraction with continuous feed is given in Fig. 14. In 
this instance, solvent volumes in the tubes were adjusted to give symmetry of 
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L METHYL S-ELEOSTEAPATE ee | | METHYL LAURATE 
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4.McTHYL OLEATE 
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Fig. 12. Countercurrent distributioa of Fig. 13. Countercurrent distribution of 

the C,, acid methyl esters. (1) Methyl the homologous series of higher fat 

B-eleostearate. (2) Methyl linclenate. acid methy] esters. (1) Methyl laurate. 

(9) Methyl linoleate. (4) Methyl oleate. (2) Methy] myristate. (3) Methy] palmi- 
(5) Methyl stearate. tate. (4) Methyl stearate. 
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Fig. 14. Countercurrent extraction with continuous feed of a methy! linoleate and methyl 
linolenate mixture. 


separation about. the point of feed. The adjusted “partition coefficients” for 


linoleate and linolenate were 1-11 and 0-9 and thus reciprocals. An approxi- 


mately equal mixture of linoleate and linolenate was introduced into the Craig 
apparatus after every second transfer at a tube midway between upper tube O 
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and the starting position. Fifty-three transfers and 26 introductions of esters 
were made in order to approximate column operation at equilibrium conditions. 
It is apparent that separation of the esters is 90% or more complete in tubes 
which are removed 5 or more stages either side of the centre point of feed. The 
10 to 11 tubes required in this type of operation is far less than the 234 transfers 
calculated for the fundamental operation in which high purity samples at either 
end of the distribution are united with 50% purity samples in the middle of the 
distribution for the purposes of statistica] calculations. 

While this important consideration might appropriately have been brought 
out under the section describing continuous countercurrent extractors, it has 
been discussed here, in part because the Craig countercurrent distribution 
apparatus was used for the experiments and in part because of the desirability 
of an early clarification of the relationships between the fundamental operation 
of countercurrent distribution and the continuous countercurrent extractions of 
coramercial interest. 


Glycerides 


Interest in the fractionation of glycerides stems in part from the need to intro- 
convert fats and make a given fat a source of glycerides for specific uses. Thus 
in periods of tung oil shortage, a substitute oil may be found in fractionated 
linseed oil. The suitability of soybean oil both for a paint oil and for edible oil 
purposes is enhanced by fractionation into a low iodine and a high iodine value 
component. Under this concept of interchangeability, fats are looked upon 
merely as a source of fat acids to be fractionated and recombined as the specific 
use requires. 

A single-stage, multiple extraction of soybean oil to obtain a paint oi] has been 
reported by Edeleanu, whe used liquid sulphur dioxide as solvent.“) FREEMAN. 
-has evaluated the selectivity of 28 solvents by the single-batch extractions of 
soybean oil.“ He determined the portion of oil extracted by the immiscible 
solvent and iedine value difference between the portions. KiLemscmampt and 
KRAYBILL repurt the singie-stage multiple extraction of soybean oil to give 
fractions ranging in iodine value from 140 to 108.‘ 

Only one paper employirg countercurrent distribution for the fractionation of 
glycerides has been reported.*”) A 24-plate distribution of soybean cil between 
pentane-hexane and furfural is presented in Fig. 15. Iodine values of the frac- 
tions ranged between 167 and 163. The data demonstrates that this method has 
potentialities for the analytical separation of naturally occurring glycerides, 
particularly if increased numbers of transfers available in Craic’s automatic 
equipment are applied. 

The separability of glycerides is limited by their inherent structure. As shown 
in Table 3, the linolenic acid-free glycerides of soybean oil could theoretically be 
isolated in a low iodine value fraction (I.V. 120) comprising 72-1% of the original 
oil if the fat acids cf soybean oil were distributed according to the “even” 
pattern.'2) However, according to the “random” pattern,“ only 7-9% of the 
glycerides with an iodine value of 49 could be isolated free of linolenic acid. 
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Table 3. Theoretical separations permitted under monoacid, even, 
and random distribution patterns 


of Lipids 


Distribution pattern 


Linolenic acid free fraction 


Linolenie acid containing fraction 


% Yield Iodine value 


% Yield Iodine value 


Monoacid 91-0 122-5 9-0 261-6 
Even. 72-1 120-0 27-9 : 
Random 7-9 49-0 92-1 4 


Countercurrent extraction studies have contributed to our knowledge of the 
glyceride structure of soybean oil. The results are best presented in the form of 
Fig. 16 where iodine value is plotted against per cent yield of the lower iodine. 
value component (raffinate) on the bottom abscissa, and against per cent yield 
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Fig. 15. Countercurrent distribution of soybean glycerides between hexane and furfural. 
(4) Weight. (B) Iodine value. 


of the higher iodine value component (extract) on the top abscissa. The separa- 
tious theoretically obtainable for raffinate and extract components are repre- 
sented by curves 4 for the random pattern and by curves B for the even pattern. 
The curves indicate that for 50% yield of the high and the low iodine value 
fraction, iodine values of approximately 166 and 90 are possible under both even 
and random patterns. Failure of experimental data to approach these limits 
may most probably be interpreted as a measure of the inefficiency of the frac- 
. tionating tools. The crossing of the curve for the nitroparaftin-hexane counter- - 
current extractions over the limit (lower curve B) imposed by the even distribu- 
tion theory indicates that soybean glycerides are not arranged according to a 
strictly even pattern. It may be noted that the experimental curves do not 
closely approach the limiting curve imposed by the random distribution pattern. 
This may be due either to insufficient fractionating power or to a pattern of 
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distribution other than random; «e.g. partial random.'*), “) The conclusion 
that soybean oil is not distributed in a strictly even pattern is of vital importance 
to the commercial processes for the fractionation of soybean oil into paint and 
edible oil fractions. Data for pilot-plant separations are also represented in 


PERCENTACE YIELD- HIGH IODINE VALUE FRACTION 
80 60 40 20 
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IODINE VALUE 
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20 40 60 60 
PERCENTAGE YIELD- LOW IODINE VALUE FRACTION 


Fig. 16. Experimental fractionations by countercurrent extraction and theoretical separa- 

tions cf soybean giycerides. (4) Random pattern. (B) Even pattern. (C) N.R.R.L. pilet 

plant. (D) P.F.G. pilot and commercial plants. (£) “‘Solexol” pilot plunt. (F) Laboratory 

nitroparaffin-petroleum ether countercurrent cistribution. (@) Laboratory furfural- 
hexane countercurrent distribution. 


Fig. 16 and will be discussed under the multiple contact, continuous counter- 
current extraction processes section. 


Phospholipids 
New information on the composition of soybean phosphatides has resulted from 
the application of countercurrent distribution procedures and a hexane-90% 
methanol solvent system. Comparatively recent literature has given the com- 
position of ‘soybean lecithin” as 35% lecithin and 65% cephalin‘*), even 
after the discovery of soybean phosphoinositides.“7) As a result of counter- 
current distribution studies, it has been found that the so-cailed “cephalin” is 
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largely phosphoinositide and that cephalin, phosphatidyl ethanolamine, contrury 
to previous work is to be found in the alcohol-soluble fraction.“4® It can now be 
estimated that soybean phosphatides are composed of 29% lecithin, 31% 
cephalin, and 40% phesphoinositides. 
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Fig. 17. Countercurrent distribution of the aleohol-soluble fraction. 
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Fig. 18. Countercurrent distribution of tho alcohol-insoluble fraction. 


Tke countercurrent distribution patterns for the alcohol-soluble and the 
‘ aicohol-insoluble phosphatides are given in Figs. 17 and 18. In this instance, it 
may be seen that the curves deviate greatly from the theoretical form. Associa- 
tion between the various phosphatides undoubtedly takes place and distorts the 
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shape of the curves. Despite this deficiency, useful separations are ohtained 
which have permitted estimation of composition, revealed new phosphoinosi- 
tides, and suggested new fractionating methods for the study of the phosphoino- 
sitides. 

Sugars are to be found in the countercurrent patterns for both the alcohol- 
soluble and the alcohol-insoluble fractions. This sugar exists in a free, and in a 
chemically combined form. The free sugar of the alcoho!-soluble fraction is 
primarily sucrose (87%) with a small amount of raffinose (9%), while that of the 
alcohol-insoluble is primarily stachyose (79%) with a small percentage of 
raffinose (12%). Free sugars may be removed from the phosphatides by extract- 
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Fig. 19. Distribution of crude ox brain glycerophosphatides. ‘5? 


ing petrcleum ether solutions with 50° ethanol. Combined sugars associated 
with the hexane-soluble phosphoinositides are freed only after hydrolysis with 
acid. They were found to consist of arabinose, galactose, and mannose.‘*® 

Comparison of the countercurrent distribution patterns for soybean phospha- 
tides with those of linseed‘) and corn” reveal a qualitative similarity of the 
phosphatides from these diverse sources. All possess lecithin, cephalin, and two 
phosphoinositides. The hexane-soluble phosphoinositide fraction of corn has 
the same three combined sugars as that of soybeans: namely, arabinose, 
galactose, and mannose. 

In a recent publication, LoverN has applied the countercurrent distribution 
procedure to ox brain phospholipids.“*? Twenty conical flasks were chosen 
rather than separatory funnels or the Craig apparatus. The 85% ethanol 
fractions were collected after successive contacts with petroleum ether layers 
contained in the flasks. A useful separation of phasphatidy] choline from similar 
lipids containing ethanolamine and serine was obtained; however, the separa- 
tion of phosphatidyl ethanolamine from phosphatidy] serine was poor (Fig. 19). 
Several lipids not so far classifiable were found. 

Cote, Latue, ard Retuven have also reported a countercurrent fractionation 
of lipid material from brain. They used a solvent system composed of carbon 
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tetrachloride 62%, methanol 35%, and water 3-15%.'53) Sphingomyelin was 
found in fraction 21; lecithin, in 27; cerebroside, in 29; cholesterol, in 35; and 
neutral fat and non-polar material, in 45. 

While these studies have added to knowledge of phosphatide composition, it 
is apparent that new solvent systems must be devised in which association is 
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Fig. 29. Distribution pattern of glycine-conjugated bile acids. 


minimized, in order to segregate components more perfectly. Mozeover, solvent 
systems must be devised in which partition coefficients may be adjusted closer 
to 1 for the specific major components of interest. A suggestion for minimizing 
association is apparent in the work of Crate on bile acids, discussed below. In 
that solvent system, phospholipids gave a normal distribution curve (Fig. 20). 


Bile acids 


Problems in the study of bile acids by countercurrent distribution were much 
like those encountered in the study of the phospholipids. In the first place, some 
information as to the identity and structure of major components was known, but 
until the countercurrent distribution work of AmreENs and Craic,‘**) there had 
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been no “all-inclusive analysis” which this technique provides. In further 
similarity to the phosphatide analysis problem, preliminary fractionations of the 
crude biological mixture were found advisable prior to submitting the samples to 
intensive countercurrent distribution. Bile acids like the phosphatides present 
an exaggerated case of association of components. Based on the discovery, 
during the fatty acid distribution work, of methods by which associations may 
be minimized, AHRENS and Craic incorporated acetic acid into the solvent 
mixture. Carboxyl groups of the bile acids are thus associated with acetic acid 
carboxyls rather than with themselves. Normal distribution curves for many 
of the bile components were thereupon achieved as shown in Fig. 20. The analy- 
sis of the glycine-conjugated bile acid group given in the upper section of the 
figure demonstrates the presence of phospholipids which were removed from the 
apparatus in accordance with the single withdrawal technique in the course of 
applying 216 transfers. Phosphatides alsc give a normal curve in this solvent 
system. Application of a total of 412 transfers resulted in the removal of a bile 
acid of partition coefficient 0-531 as indicated in the middle section of the graph. 
Finally with the application of 902 transfers, the distribution of the lower section 
of the graph was obtained which reveals the presence of three components. 
Those of partition coefficients 0-202 and 0-072 have been tentatively identified 
as glycodesoxycholic acid and glycocholic acids; the other two constitutes are 
presumably new compounds. The taurine-conjugated bile acids (not shown here) 
gave a distribution pattern of greater complexity. Taurocholate and tauro- 
desoxycholic acid were identified on the basis of their partition coefficients. 


Pigments 

Chloroplast pigments have long been isolated and characterized by virtue of 
differences in their partition coefficients. In early isolation procedures for 
chlorophyll a and 6, WiLLsTATTER and SToxt relied upon the greater solubility 
of the @ component in a petroleum ether layer at equilibrium with 85% 
methanol and the greater solubility of chlorophyll 6 in the alcoholic layer.“ 
After extracting chlorophyll 6 from a petroleum ether layer with successive 
batches of alcohol and back extracting the alcoholic extracts with petroleum 
ether to a limited extent, the alcoholic extracts were worked up for chlorophyll 
b and petroleum ether hyperphases for chlorophyll a. 

The differential solubility characteristics of carotenoid pigments have in a 
similar manner served both for the isolation of pigments and also for their 
characterization and differentiation.“® In recent years, partition coefficients 
have been published for highly purified carotenoid pigments and have served 
as a basis for specifying analytical procedures.” 

One paper has appeared describing the systematic countercurrent distribu- 
tion of plant pigments.'® In this instance, the distribution of chlorophyll a, 
chlorophyll 6, and carotene was studied. These pigments comprised a model 
system upon which certain applications of statistical theory described above were 
tested. They present a graphic visual demonstration of the countercurrent 
distribution process as in the course of the operation, the yellow carotene 
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pigment segregates from the blue-green chlorophylis, and later as the chlorophyll 
tubes differentiate into the yellow-green chlorophyll 6 and the blue chlorophyll a 
components. Data for a 24-plate distribution are represented in Fig. 21 and 
indicate the potentialities of liquid-liquid extraction for isolation and characteri- 
zation purposes when carried out in a systematic procedure. 

Chromatographie methods of pigment isolation have all but replaced the 
earlier solvent distribution methods. The high resolution of the chromatographic 
column, equivalent to hundreds of extraction stages, overshadows the dis- 
advantages present in chromatography in its lack of reproclucibility, its irrevers- 
ible adsorption, and nonlinear adsorption isotherms. However, with the 
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Fig. 21. Countercurrent distribution of chlorophyll a, chlorophyll }. and carotene in the 25- 
tube Craig distribution apparatus. Solid lines represent experimental data; broken lines 
show the calculated theoretical distribution. 


development of efficient laboratory and commercial scale countercurrent 
extractors, the merits of partition procedures will need to be reconsidered. 
Solvent partition procedures may yet have a valid position in meeting the recent 
demands for chlorophyll, carotene, and other plant pigments. 


Fat acid oxidation products 


Countercurrent distribution techniques are particularly attractive for the 
fractionation of labile fat acid oxidation products. Subtle changes such as cis- 
trans isomerization of double bonds and the complex interactions of unstable 
oxygen adducts are all minimized by the low temperature, dilute solution and 
otherwise mild conditions of solvent partition procedures. Sufficient studies in 
this field have been published to demonstrate the suitability and applicability of 
the technique, but the most significant contributions undoubtedly lie in the 
future. 

In the course of studying interferences in the spectrophotometrie method for 
fat acid composition, PrrvetT and LunpBERc'®) found that autoxidized methyl 
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esters of fat acids could be separated from the unoxidized esters by a modified 
countercurrent extraction procedure using separatory funnels. Skellysolve F 
and 87% ethanol were used as solvents. In a later publication, Prrvert, 
LUNDBERG, and NICKELL described the quantitative separation of the oxidized 
from the unoxidized fractions of autoxidized methy] linoleate, linolenate, and 
oleate.) The structure of hydroperoxides obtained from autoxidized methyl 
linoleate by this modified countercurrent extraction procedure has been studied 
recently by Prrvetr, LUNDBERG, Kuan, ToLBrRG, and WHEELER.'®) These 
results are reviewed in chapters on infrared spectroscopy and autoxidation. 
The countercurrent distribution behaviour of various model compounds of 
interest to fat acid oxidation has been described for an 80% ethanol-hexane 
system.‘®) For example, the effect upon the partition coefficient of methyl 
stearate of introducing an epoxide, a keto, a hydroperoxide, and one and two 
hydroxy functional groups is shown in Table 4 along with other compounds of 


Table 4. Partition coefficients and positions of maxima for 
various model compounds 


Partition 
Compound coefficient Tube number* Functional groups 


Azelaic acid . 0-05 | di—CooH 
Dihydroxy methyl] stearate -| 0-17-0-21 di—OH and COOR 
12-Hydroxy stéaric acid . . . | OH and COOH 
Monogly ceride of cottonseed oil, di—OH 

Methy] oleate hydroperoxide . OOH and COOR 
Hydroxy methy] stearate . ‘ -97-1- OH and COOR 
Methyl ricinoleate . ‘ OH, =, COOR 

Keto methyl stearate —R,C=0O and COOR 
Nonenal! . ‘ ‘ = and C=O 
Stearic acid . COOH 

Epaxy methyl stearate ° 


Methy] oleate 
Diglyceride of cottonseed oil ° . 10-76 
Methy] stearate .| 19-75-19-31 


* Distribution (24-transfer) between hexane and 50% ethy! alcohol. 
interest. The more pcelar the functional group the greater the lowering of the 
partition coefficient; epoxy, keto, hydroxy, hydroperoxide, and two hydroxyl 
groups give increased lowering in the order listed. Compounds studied behaved 
almost ideally in the concentrations employed. 

The autoxidation process in methyl oleate'® as revealed by countercurrent 
distribution studies is quite comparable to that of methy] linoleate, and for that 
reason, only the studies on methyl linoleate'® need to be discussed here. 
Investigations on met} yl linoleate also have the added advantage that this 
ester shows ultraviolet and infrared absorption phenomena not possessed by 


methyl oleate. 
In agreement with pzevious studies on the autoxidation of methy] linoleate, 
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1 mol of hydroperoxide was found to be formed for each mole of oxygen absorbed 
at low oxidation levels; e.g. 0-2 mol oxygen per mole ester and below. 
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Fig. 22. Infrared absorption spectra 
of (a) the secondary oxidation pro- 
duct (Component III) of methyl 
linoleate, tube 2-room temperature 
autoxidation; (b) methyl linoleate 
hydroperoxide, tube 9-room tem- 


perature autoxidation; (c) methyl ~ 


linoleate hydroperoxide, tubes 5-14 

inclusive O°C autoxidation; (d) 

Methyl oleate hydroperoxide re- 

fractionated by countercurrent dis- 
tribution. 


By countercurrent distribution methods, it 
was possible, moreover, to actually isolate 
1 mol of hydroperoxide for each mole. of 
oxygen absorbed. The hydroperoxides thus 
isolated were obtained in Ca., 93% purity 
as measured by ultraviolet absorption and 
peroxide value determinations. The infrared 
absorption curves of such a methy] linoleate 
hydroperoxide preparation is shown at (c) in 
Fig. 22. The absorption peak at 2-9u is that 
due to the hydroperoxide group. Of particular 
interest are the twin valleys at 10-12 and 
10-524 which structure is characteristic of 
cis-trans conjugated dienes.‘*) This observa- 
ticn has particular significance to the 
mechanism of autoxidation. Not only does it 
confirm the observation that oxygen absorp- 
tion shifts double bonds to conjugated 
positions and causes the bond shifted to 
change from cis to trans configuration,‘** but, 
equally important, it suggests that the 
ultraviolet absorption coefficients selected be 
those of cis-trans conjugated dienes rather 
than those of trans-trans conjugated dienes as 
commonly employed. (See also the chapters 
on infrared spectroscopy and autoxidation.) 
When a coefficient appropriate for cis-trans 
conjugated dienes is applied to ultraviolet 
absorption data, a striking conclusion is 
indicated. Instead of being two-thirds con- 
jugated in accordance with the accepted free 
radical theory of the mechanism,'*® methyl 
linoleate hydroperoxide is more than 90% 
conjugated. If nonconjugated hydroperoxides 
were present, they would be indicated by a 
peak at 10-3u characteristic of the isolated 
trans bond; e.g. as at 22d for methyl oleate 
hydroperoxide (more correctly perhaps methy! 


elaidate hydroperoxide.'*)*) The absence of nonconjugated hydroperoxides 


now indicated is in agreement with the observation of BercstrOM that 9 and 13 


* It is of interest to note that while countercurrent distribution of a sample of methly oleate 
hydroperoxide provided vy Dr. D. Swern did not geeatly ruise the iodometric peroxide value, it did 
sharpen the infrared absorption bands and removed background absorption. 
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hydroxystearate but not 11 hydroxystearate could be isolated after the 
reduction of linoleate hyaroperoxide.'*?) 

In Fig. 23 is given the countercurrent distribution pattern for methy] linoleate 
oxidized to the 0-62 mol oxygen per mole ester level. The material in the peak 
to the right is unoxidized methyl linoleate; the central peak is that for methyl 
linoleate hydroperoxide, and the third peak is that of secondary oxidation 
products. 

Methy] linoleate isolated from the fractions to the right shows all the charac- 
teristics of the original unaltered ester, including partition coefficient, hydrogen 
abscrption, hydroxyl value, iodine value, and infrared absorption. The hydro- 
peroxide fraction possesses high levels of diene conjugation, one peroxide group 
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Fig. 23. Weight-distribution curve (solid line} following countercurrent fractionation 

of gutoxidized methy!] linoleate (0-62 moles oxygen absorbed per mole ester—light 

catelyzed). Circles indicate weight of diene-conjugated esters. The broken line is the 
theoretical curve, while the dashed line is the difference curve. 


per mole, which-forms one hydroxyl group on rednetion; it absorbs 3 mol of 
hydrogen (2 mol for the double bonds and one for the hydroperoxide) and has 
the molecular weight anticipated for monomeric peroxides. 

The third peak for secondary oxidation products is nearly absent in the 
countercurrent distribution patterns of linoleate oxidized to low levels (0-3 mol 
and less). It is possible to calculate the moles oxygen in this component since 
there is virtually no loss of material on countercurrent distribution and since the 
moles oxygen absorbed by the mixture and the moles present in the hydro- 
peroxide component are known. With these considerations, it is caleulated that 
this fraction possesses 2 mo] or more of oxygen per mole ester, dependent on the 
level of oxidation. This secondary oxidation product mixture is primarily 
monomeric but has an appreciable acid content. Experimental facts are con- 
sistent with the following formula for the major component of this fraction, if 
the ring structure is stable under conditions of peroxide determination and 
hydrogenation. 


319 


2 ; 
d 
240 
- 
por” 
= Bor 
40 
= 
. 
‘ 


Countercurrent Fractionation of Lipids" 


o——0 
—CH,—CH—CH =CH—CH—CH,—CH,— 


—o—o—hi 


The experimentally observed loss in diene conjugation (both ultraviolet and 
infrared), the single mole of peroxide found, the 2 mol of hydrogen absorbed to 
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Fig. 24. Weight distribution curve following countercurrent fractionation of autoxidized 
methy!] linoienate. Calculated diene and triene quantities expressed as weights of methyl 
linolenate converted to conjugated form. 


yield one hydroxy group, and the monomeric molecular weight is thus accounted 
for. 

The autoxidation process for methy] linolenate as revealed by countercurrent 
distribution stands in sharp contrast to that for methyl oleate and methyl 
linoleate.‘*®? For example, nc peak was found corresponding to a monomeric 
hydroperoxide of methyl linolenate. Oxygen addition is immediately followed 
by polymerization to give first an unstable diene conjugated dimer; then follow 
polar diene- and triene-conjugated polymers. Less than half of the linolenate 
actually oridized is converted to conjugated form, while more than half of the 
double bonds originaily present are destroyed, probably through polymerization 
initiated by oxidative attack on the ethylenic bonds. A partial fractionation of 
triene-containing polymers from diene-containing polymers can be made by 
countercurrent distribution as shown on the left in Fig. 24, and a distinct 
separation of unoxidized methyl] linolenate on the right. 

The procedure of subjecting autoxidized esters of fat acids to countercurrent 
distribution and of subsequently measuring the infrared absorption spectrum of 
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fractions has been followed by Lemon, Krrpy, and Kwnapp'®) in the case of 
peanut methyl] esters. Differences in absorption spectrum, that were observed 
to exist between fractions, and between fractions and the autoxidation mixture, 
are provocative of further research. 

An interesting and useful separation of autoxidation products from undecy- 
lenic acid is reported by Dat NoGaRE and Bricker.'™) After saponification and 
acidification of an autoxidation fraction, undecylenic acid was recovered in a 
petroleum ether soluble fraction. The insoluble fraction was distributed in 9 
separatory funnels between 40% metlianol and ethyl ether to give the separation 
shown in Fig. 25. Pure 10-11 dihydroxy-hendecanoic acid was isolated from 
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Fig. 25. Distribution curve for fraction containing 10, 11-dihydroxyhendecanoic acid. 
Circles indicate experimental! data; triangles, the theoretical curve for 10, 1)-dihydroxy- 
hendecanoic acid; and crosses, the calculated curve for impurity.'?” 


funnels 4-8. The impurity of tubes 0-4 appeared to be an aldol type condensa- 
tion product from which sebacic and azelaic acids could be isolated following 
permanganate oxidation. : 
Counterenrrent distribution data frequently suggest methods for large scale 
preparations. These larger scale operations may be continuous columnar 
operations or multiple-batch operations such as the operation to be discussed 
next. 
One example of the application of solvent distribution data to larger scale 
operations is that of the preparation of methyl linoleate hydroperoxide.‘ 
Methyl esters of safflower oil in 2kg batches oxidized to a level of 0-1 mol 
peroxide per mole ester were distributed between pentane-hexane and 80% 
ethanol. Three 5-gal bottles were used, each of which contained 10 litres of 
pentane-hexane and the first of which contained in addition the oxidized esters. 
Four 10-litre batches of 80° ethanol were successively equilibrated with the 
pentane-hexane layers in the bottles, mixing of phases being accomplished by 
air-driven stirrers and transfer of the lower phase being accomplished by 
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siphoning. After collection of the aqueous-ethanol extracts, hydroperoxides 
were isolated by ciluting the alcohol concentration to 50%. A shallow pentane- 
hexane solution of the hydroperoxides thereupon separated and was removed. 
Using this procedure, three batches of esters were handled in a period of 6 days 
to prepare 700 g of hydroperoxide. This amount proved more than adequate 
for its testing as a catalyst in Redox recipes for the cold polymerization of rubber. 
It was found to be the equivalent of currently used catalysts on a molar basis.‘??) 


APPLICATIONS OF MULTIPLE Contact, ContTrNvovus CoUNTERCURRENT 
EXTRACTION 


Discussions of commercial operations are necessarily incomplete in that much of 
the information known about the processes is not available through scientific 
publications, but resides in the files of industrial research groups. Fortunately, 
several of the successful extraction processes have been described, and the 
potentialities of other operations less well known can be partially assessed from 
these. 

Perhaps the best known process of liquid-liquid extraction in the lipid field is 
that in operation at the Pittsburgh Plate Glass Company.‘* Vegetable oils are 
extracted with furfural in vertical packed columns. Furfural is fed in at the top 
of the column; the oil to be fractionated, at the middle; and the reflux feed 
which may, or may not contain naphtha is introduced at the bottom. The low 
iodine value oil layer (raffinate) containing naphtha is removed at the top of the 
column; the furfural extract containing the high iodine value oil (extract) is 
removed at the bottom. In accordance with the reflux principle of distillation, 
a portion of this extract is sebarned t to the bottom of the column to improve the 
efficiency of the separation. 

This process has been in commercial operation for several years handling 
as much as a tank car of oil per day. Soybean oil has been fractionated to 
produce an extract oil for paint purposes and a raffinate oil for edible 
purposes; linseed oil has been fractionated to produce a substitute perilla 
oil and a number of speciality items. 

Many factors affect the efficiency of fractionation of this process. Increasing 
column height, solvent and reflux ratios, and decreasing column diameter 
improve the efficiency. Some comparative idea of the efficiency of these opera- 
tions is given in Fig. 16, where data from GLOYER et al. is plotted with data 
obtained in the pilot plant of the Northern Regional Research Laboratory. 

Also plotted on this graph are one pair of points for the “‘Solexol Process.” 
While this process finds greatest application in the decolorization of tallows, it 
does have interest for glyceride fractionation. In this process oils are extracted 
countercurrently with liquid propane under pressure. A temperature gradient 
is maintained from top to bottom of the column. Glycerides of greater unsatura- 
tion tend to be less soluble in liquid propane than the more saturated glycerides. 
Thus the low iodine value raffinate comes off the top and the more unsaturated 
extract from the bottom. 

This process has found greatest applicability in the removal of trace substances 
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from oils which differ greatly in molecular weight from the triglycerides. Solvent 
refining to remove colour bodies, free fatty acids, phosphatides and sterols is one 
of the interesting applications. A propane extraction plant has been established 
in South Africa for the recovery of vitamin A from fish oils. 

A future development appears to reside in application of the Podbielniak type 
centrifugal extractor to lipid fractionation problems. This equipment is finding 
application to petroleum oil refining and is established in the field of recovery of 
antibiotics from growth media. It is currently employed in the lipid field only 
for the recovery of vitamins A and D from fish oils.‘ However, there would 
appear to be no reason why this equipment should not perform admirably the 
liquid-liquid extractions now being performed by columnar equipment. 

In general, it may be observed that only a few commercial applications of 
liquid-liquid extraction to lipids can be considered at this date as established; 
it is apparent, however, that potentialities are presenting themselves, and many 
are on the verge of becoming realities. It may be expected that, as fundamental 
studies of countercurrent distribution point the way, we shall come to think of 
the various vegetable and animal fats and oils not for their individual peculiar 
characteristics which recommend them for specific uses, but merely as a source 
of the component acids with which to synthesize a fat of specified characteristics. 
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